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Abstract
The flux of aeolian dust from Australia to the Tasman Sea was investigated 
from several deep-sea sedim ent cores form ing a north-south transect 
covering 18° latitude at 160° E, and one core in the east Tasman Sea near 
170° E.
From observations of m odern dust-raising events it is known that the 
severity of wind erosion is related to seasonal and inter-annual variations 
in erosion hazard and also windiness. Over longer time-scales it is proposed 
that the intensity of dust transport is reflective of source area conditions 
(erosion hazard, or 'aridity') and possibly also wind strength. To this end, 
the marine record of long-distance dust transport was investigated with the 
aim of understanding upper Quaternary climate changes of southeastern 
Australia.
Two sedimentological parameters were measured; the quantity (flux) of dust 
and the size of the dust grains. Because the quantity of dust transported is 
determined by source area supply as well as the strength of the atmospheric 
circulation but the size of the coarsest dust grains may be used as a proxy of 
wind strength (where transport is limiting), the two measures were sought 
to decouple supply and transport effects on the dust record. In practice, the 
aeolian grain size was not found to be useful, in that variations were not 
consistent down-core or between cores. The dow nw ind gradient of dust 
flux, which may also respond to w ind strength, could not be established 
reliably from the few cores examined here. The record of dust flux to the 
Tasman Sea was therefore interpreted by comparison with the fragmentary 
continental record.
Dust fluxes to the Tasman Sea were found to be greatest south of 
approximately 33°S. There was apparently a northward shift of the northern 
edge of the dust p lum e in glacial times of approxim ately 3° latitude, 
reflective of the interglacial to glacial m ovem ent of the subtropical ridge. 
There is some indication from the dust plume, supported by the continental 
dunefield, tha t the prom inent wave structu re  seen in the w esterly 
circulation today had a reduced amplitude during the last glacial period.
Total dust fluxes increased up to threefold during glacial periods of the last 
four glacial cycles. These were also times of dune activity and deflation in
southeastern Australia. The marine record indicates extensive deflation in 
isotope stages 6 and 8, which are poorly resolved in continental records. The 
last glacial period was marked by dune activity, deflation of lake beds and a 
decline in cover provided by tress in southeastern A ustralia. These 
conditions are inferred to have existed in prior glacial stages.
The m arine record covers over one million years in which a m arked 
increase in dust flux is seen after isotope stage 10 (=350 ky). This is inferred 
to mark the onset of conditions of true aridity in southeastern Australia and 
agrees with sparse, poorly dated evidence from the western Murray Basin.
In addition to the sedimentological m easures, outlined above, mineral 
magnetic tracing of aeolian dust was attempted as an alternative method of 
investigation. Ultimately this method was unsuccessful since the m odern 
dust m agnetic signature could not be identified in the m arine cores. 
A d d it io n a l  n o n -d e t r i ta l  c o m p o n e n ts , b o th  b io g e n ic  an d  
authigenic/diagenetic, were identified and the magnetic record appears to be 
essentially palaeoceanographic in nature.
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Chapter 1 Introduction
The seething wall of red dust which engulfed Melbourne in February 1983 
remains for many, especially urban, Australians the strongest symbol of the 
intense drought which ended abruptly in floods soon after. The dust storm 
was a rem inder for ordinary Australians, norm ally divorced from the 
natural environment, of the harsh climate in which they live and came at a 
time when awareness of climatic variability (giving meaning to the word 
'harsh') reached new levels and we, as a nation, were examining our 
relationship w ith the delicate natural environm ent. For a previous 
generation, the dust storms of the 1930's and early 40's served a similar role, 
coming on top of economic depression and the more notorious American 
dust bowl. While land management practices deserve, and have received, 
their fair share of blame, both episodes serve as examples of the short-term 
variability of climate and the response of the environment to such changes.
The same dust storm which engulfed Melbourne in 1983 went on to deposit 
dust on the glaciers of New Zealand's South Island. Many accounts of such 
'red rain' exist and suggest that the Tasman Sea is also a recipient of 
quantities of dust transported by the westerly winds. The record to be found 
in the sediments of the Tasman sea will be a composite, or average, for the 
southern part of Australia lying in the zone of westerly winds with a 
resolution, determ ined by sedimentation rates, bioturbation and sampling 
interval, of thousands of years or longer. It is thus a record of 'average' 
conditions and changes in arid Australia over longer time scales, extending 
back, potentially, millions of years.
In China, climatic change over longer periods of time has left a record in 
dust deposits, unrivalled in its detail and sensitivity. Indeed, m ost 
continents and their neighbouring oceans contain deposits of dust which 
record past environm ental conditions. In Australia's case there are only 
scattered and discontinuous aeolian dust deposits to supplement the equally
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fragmentary record of past environments of the interior derived from other 
sources. For this reason the marine record is an exciting alternative.
1.1 Aims and Scope of the Thesis
1.1.1 Aims of this Study
The objective of this study has been to use the continental aeolian dust in 
marine sediments of the Tasman Sea to add to the understanding of the past 
environm ent of the Australian continent. Primarily, the aim was to use 
dust as a proxy climate indicator, especially of aridity. Such information 
w ould com plem ent dated sequences from the continental interior and 
hopefully im prove on them through superior length, continuity and age 
control. Secondly, the nature of long-distance dust transport means that 
zonal circulation patterns, seasonality, wind strength etc. all influence, dust 
deposition; where, when, how much, what size. The dust record therefore 
records atm ospheric circulation (transport) conditions as well as supply 
conditions. In this thesis I have attem pted  to separate these two 
com ponents of the dust record so that, in addition to a record of the 
A ustralian continental environm ent, a record of regional atm ospheric 
circulation is obtained. Consequently a third theme has emerged which is 
the investigation of strategies for decoupling source area and transport 
controls together with new m ethods of investigation, for example mineral 
magnetics. The three principal outcomes of this thesis are therefore;
1. A record  of the late Q uaternary  continental env ironm ent for 
southeastern Australia
2. An interpretation of late Quaternary regional atm ospheric circulation 
patterns
3. An understanding and assessment of techniques for the investigation of 
aeolian dust in the marine environment.
The results lend themselves to further interpretation in two ways. As an 
ind ep en d en t record of w ind  conditions, and also as a w ind  and 
precipitation-sensitive indicator, the dust record, in combination with other 
existing data, can be used to separate changes in interacting boundary 
conditions; precipitation, w indiness or vegetative cover for exam ple. 
Another aspect of climatic change to be considered is the nature and timing 
of the response to external climatic forcing. The orbital variations which are
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now regarded as the forcing mechanism of long-term climate change are 
expressed in various complex interactions between natural systems and 
w ith variable time lags. W hat were the changes in the A ustralian 
landscape? How did they come about? When and how quickly? These are 
questions for which we know the beginnings of answers. However before 
the period reliably dated by radiocarbon our knowledge is sketchy indeed 
(Chappell, 1991) and in fact all dated records are handicapped both by dating 
uncertainties and a degree of incom patibility with the yardstick marine 
record. The marine record of aeolian dust has the potential to be far more 
accurate and useful because of the comparatively fine time resolution but 
principally because it directly links the terrestrial and oceanic Quaternary 
histories.
Ultimately these records from the Tasman Sea have wider implications 
than just a record of Australian conditions. As a record of atmospheric 
circulation this record of A ustralian dust has at least hem ispheric 
implications. This study can contribute, both directly and through its 
bearing on existing evidence, to questions such as the response of zonal 
winds to glacial tem perature gradients, both in strength and position; the 
influence of tropical circulation on aridity in Australia's interior and how 
sensitive atm ospheric circulation is to changes in hem ispheric energy 
distribution.
1.1.2 Scope and Approach
The following sections of this chapter will introduce the basic reasoning 
behind the approach adopted in this study to understand the marine dust 
record; that is,
a) dust raising and its response to environmental control
b) the relationship between source area conditions and transport and the 
nature of the marine dust deposits
c) a strategy for investigation and interpretation of the record.
Interpretation of the sedimentological data relies on several assum ptions 
about the source area and transport mechanism (discussed below). To apply 
these interpretations to the Australian dust system necessitates examination 
of dust-raising and transport in Australia and across the Tasman Sea. 
Chapter 2 will try to place the study in its context by exam ining the 
suitability of Australia and the Tasman Sea as a 'field' site.
Introduction
For this study deep-sea core samples were obtained from Tasman Sea cores. 
The criteria for selection of the cores, sampling and laboratory processing 
strategies and core descriptions are given in Chapter 3.
Three types of data were obtained in the study; dust flux, aeolian grain size 
distributions and mineral magnetic analyses. The interpretation of dust flux 
and size are discussed at the end of Chapter 1. In simple terms, they can be 
used to decouple supply and transport controls on the dust system and 
therefore to understand the record in terms of source area conditions 
('aridity') and atmospheric circulation patterns (strength and location). In 
Chapter 4 the dust mass accumulation rates are derived from chronological 
and sedimentological data. Particle-size distributions are discussed in 
Chapter 5. In Chapter 6 the results of m ineral m agnetic analyses are 
discussed as an alternative technique for estimation of dust fluxes.
The complete record from all cores is treated in Chapter 7 and in particular 
three points are considered; the location of the dust p lum e and 
identification of the transport path and source area, the record of the last 400 
000 years and the response to the glacial cycles in terms of the role of dust 
supply and transport controls and, lastly, long-term directional changes in 
the environment seen in the records.
The last chapter deals with the wider implications of the results and the 
bearing other records, both from Australia and more widely, have on the 
interpretation of the Tasman Sea record. The same three themes of Chapter 
7 are continued; consideration of circulation patterns im plied by the 
position of and changes in the dust path and the environment of the source 
area; the nature of the response of the continental environm ent to climate 
changes of the last 4 glacial cycles and also a comparison w ith regional 
records of dust deposition; the development of the modern climate over the 
last million years and comparison with similar records of climate from the 
Asian continent.
1.2 Dust Processes and Environmental Controls
All historical geological studies rely on the fundam ental insight of the 
uniformitarian approach that the record of the past may be understood by
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understanding the processes which operate today to leave similar records. 
In geom orphological studies, for example, an understand ing  of the 
relationship between process and form of deposits can provide the key to 
understanding the history of a floodplain, dune or other feature. In the case 
of wind-suspended transport there are no characteristic resultant forms on a 
macro-scale or sedimentary structures on a micro or meso scale. Especially 
in the case of dust transported long distances and deposited in the oceans the 
links may seem rather tenuous. In practice, having satisfied ourselves that a 
deposit is 'dust', by applying the principle of cross-cutting relationships for 
example (Butler, 1982) or exclusion of other possible origins (most common 
in the marine environment) (Olivarez et al., 1991; Rea and Janecek, 1981), 
the uniform itarian approach can be applied by; 1. U nderstanding the 
response of dust entrainm ent events (i.e. frequency, m agnitude, extent) to 
environm ental controls: 2. D eterm ining w hether long-distance dust 
transport provides a good measure of source area activity, i.e. the directness 
of the re la tionsh ip  betw een transported  dust and raised dust: 3. 
Determining if dust deposits provide a good record of transported dust. The 
latter two points, concerned with the validity of the record, will be discussed 
in section 1.4 after the first point concerned with the nature of the record.
1.2.1 Dust Entrainment Response to Environmental Controls
In Australia dust entrainment is a process occurring mainly in the semi-arid 
and arid areas in locations w here suitable erodible soils are present 
(McTainsh et al., 1989; Middleton, 1984). The obvious temporal and spatial 
variability in dust events (storms, haze etc.) are due to the interaction of a 
very large num ber of processes which can be sim plified to 3 factors: 
erodibility of the soil, erosion hazard at a site and erosivity of the wind. For 
the purposes of this introduction, erodibility is regarded as the intrinsic 
susceptibility of the soil to erosion because of its physical and chemical 
properties and m oisture content. Erodibility is therefore potentially 
m appable but subject to short term changes induced by soil m oisture or 
destruction of surface crusts by management practices superimposed on the 
long term pattern. Erosion hazard relates to the roughness of the surface, or 
the protection given to the soil surface by cover etc. and is generally the 
result of conditions which vary over shorter time-scales, either as a result of 
hum an m anagement practices or natural processes. These changes may be, 
for example, seasonal, or longer frequency, changes in vegetation cover,
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cover reduction due to grazing, clearing etc. or destruction of biologic soil 
crusts by ploughing, grazing or drought. Erosion hazard can also be expected 
to have high spatial variability due to local effects such as fire scars, paddock 
boundaries, watering points etc. Wind erosivity, a function of velocity and 
turbulence, varies seasonally and in response to El N ino-type weather 
patterns but most spectacularly is associated with certain types of weather. 
The lasting images of dust storms are the 'walls' of dust raised by highly 
turbulent cold fronts which pass in m inutes or hours, bu t also have 
seasonal distributions.
Table 1.1 ___ ______________ Dust Entrainment Factors
P rim ary  C o n tro l S eco n d a ry  C ontro l G roup ing
D ust w in d  s tren g th
E n tra in m en t
w e a th e r  p a tte r n s
w in d  turb u len ce v e g e ta t iv e  c o v e r c lim a te
co n tro l
so il m o is tu r e ra in fa ll r e g im e  
g r o u n d w a te r  le v e l
to p o g r a p h y
su rface  crust so il p ro p er tie s g e o m o r p h ic
( te x tu r e /c h e m is t r y ) con tro l
p a r t ic le  s iz e
a v a i l i b i l i t y s u p p ly
The prim ary controls on dust entrainm ent are sum m arized in Table 1 and 
are further grouped into those which are climate related; wind speed and 
turbulence, cover and soil moisture, and those which are geomorphically 
linked; soil moisture, soil properties and supply. Several studies have 
attem pted to link wind erosion or dust entrainm ent with one or more of 
these controls. Chepil (1956) determ ined experim entally  a direct 
relationship between soil moisture, or 'the cohesive force of adsorbed water 
films', and resistance to erosion for soils of various textures. The threshold 
drag velocity for entrainm ent has been shown to be dependent on particle 
size, being least for particles around 0.1 mm diam eter and increasing for 
both sm aller and larger particles (Gillette et al., 1974). Clay content, 
carbonates, organic content and salts all have an effect on the strength of soil 
crusts (Gillette et al., 1982) and on formation of particles suitable for wind
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erosion (Breuninger et al., 1989). The conflicting accounts of the role of salts 
in determining erodibility of soils (Bowler, 1973; Breuninger et al., 1989) is 
probably due in large part to the competing effects of other components, 
moisture, mineralogy etc. which vary widely between sites (Gillette et al., 
1982). Vegetation has a direct effect on erosion hazard by obstructing wind 
and reducing velocity at ground level. The effect of cover was investigated 
by Leys (1991) who found that the protective effect of cover was also 
sensitive to wind velocity. An understanding of these basic controls on dust 
entrainment is fundamental to understanding the variability of dust 
entrainment over space and time. For the purposes of this study it is 
probably sufficient to know the nature of the controls only in general terms, 
however for purposes of prediction or quantification the relationships are 
not well studied with significant gaps between theoretical, experimental and 
observed relationships (Leys, 1991).
Temporal variability of dust entrainment over time-scales covering single 
events to the scale of several years is also largely governed by climatic factors 
(Table 1.2). At the scale of the single event it is the occurrence of erosive 
winds which raises dust from a ready surface (Knight, 1990; Loewe, 1943; 
Lourensz and Abe, 1983) whereas over a year or several years the pattern of 
occurrence of erosive winds and the largely climate-controlled erosion 
hazard factor are most important. For example, episodic droughts lasting 
through the autumn in the Mallee region of South Australia and Victoria 
are associated with increased frequencies of dust storms and other dust 
phenomena the following summer because growth of grasses and crops is 
inhibited, soil moisture declines and grazing pressure increases as the year 
proceeds (Yu et al., in press). McTainsh et al. (1989) showed similar 
relationships for other sites in Australia and Chepil et al. (1963) noted the 
occurrence of more erosive winds in periods of drought in the Great Plains 
of the U.S.A. leading to more frequent and larger dust storms. During el 
Nino summers, associated with drought in southeastern Australia, the low- 
level zonal winds in the southern part of the continent are stronger 
(Drosdowsky, 1988).
Over such short periods of time geomorphic factors are generally stable but 
when subject to human intervention, especially by way of cultivation 
(Williams, 1978), rapid alteration of soil characteristics may ensue. However 
over the time-scales of climate change it is likely that some characteristics of 
surficial materials will change. These may be related to the soil chemistry
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for example, as organic content, carbonates or salts change according to 
changes in the environment. Geomorphic processes are also likely to affect 
the supply of material for deflation. Wasson (1983) described Australian
Table 1.2 Variability of Dust Raising
Spatial V ariab ility
Scale Factor Control
local to regional erosivity -topographic effects (speed-up etc)
erosion hazard -soil-vegetation patterns 
-management practices
erodibility -soil type
-soil m oisture/ ground-water 
table/ topography 
-management practices
continent wide erosivity -circulation pattern
erosion hazard -vegetative cover/ rainfall pattern
erodibility -soil m oisture/rainfall pattern
Tem poral V ariability
event erosivity -w eather
(day/hours)
seasonal erosivity -weather pattern
(year) erosion hazard -cover/ rainfall pattern, 
management practice, ENSO
erodibility -soil m oisture/ rainfall pattern 
-management practices
'climatic variability ' erosivity -circulation pa tte rn /
(10* -10^ yrs) erosion hazard - cover/ rainfall pa tte rn / ENSO, 
drought etc.
-management practices
erodib ility -soil m oisture/ rainfall 
-surface crusting/ rainfall & 
management practice
climate change erosivity -circulation pattern (zonal)
(Kp -105 yrs) -weather patterns (frequency, 
seasonality, strength of highly 
erosive winds)
erosion hazard -cover/ rainfall pattern (amount, 
seasonal distribution, 
evaporation etc.)
erodib ility -soil m oisture/ groundw ater/ 
recharge
-crusting/ soil composition 
-supply (rate, type, location) 
largely climate driven
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dunefields in which fine material transported by rivers and deposited on 
floodplains and interdune swales had been deflated and redeposited on 
desert dunes. This material is presumably also reworked as dust, so supply 
of sedim ent by rivers is u ltim ately  po ten tially  lim iting for dust 
entrainment. The same river, the Cooper, has undergone a dramatic change 
in the type of load carried during the last glacial cycle (Nanson et al., 1990). 
In the same arid environment the role of the groundwater table in deflation 
of sedim ents has been noted (Bowler, 1973; Wasson, 1983). Low soil 
moisture above the water table can allow deflation to the ’Stokes surface' 
(Fryberger et al., 1988) while salt in groundwater at the surface may assist 
formation of pellets suitable for deflation (Bowler, 1973). The level of the 
groundwater table is therefore also im portant in determining the area of 
land subject to these deflation processes. Ultimately the changes in soil 
chem istry, sedim ent supply and groundw ater all respond to climatic 
changes, to different degrees and with different lags. This is true of supply 
by weathering also (Pye, 1989). On time-scales of millions of years, however, 
tectonic processes and the drift of continents may cause changes in the dust 
reaching oceanic sites which do not reflect climate change alone (Leinen and 
Heath, 1981; Stein and R obert, 1986).
Erosivity, erosion hazard and soil m oisture are likely to respond more 
directly to climate change over thousands of years (table 1.2). The shift of 
wind belts and direct change in wind strength in response to tem perature 
gradients, as well as change in the frequency of certain types of weather 
pattern, may all act to change the erosivity of winds experienced at a site. 
Erosion hazard, in large part the condition of vegetation, will respond to 
changes in effective precipitation.
In summary, most temporal variation in dust entrainm ent is likely to be the 
result, direct or indirect, of climatically controlled changes in erosion 
hazard, wind erosivity and erodibility. Effects are likely to include changes 
to both the frequency of entrainm ent events and the m agnitude of 
individual events. Increased aridity or windiness will both tend to increase 
dustiness through a number of pathways. Precipitation, through its effect 
on soil moisture and vegetative cover is likely to play a very significant role. 
Changes to the activity of different source areas can be the result of changes 
to the geographic pattern of climate-controlled erosion hazard or the balance 
between sediment supply and deflation.
Introduction
1.2.2 Dust Transport and Deposition
Simple models of dust transport (Schutz et al., 1981; Tetzlaff and Peters, 
1986) suggest that most dust raised is not transported far and only a 
combination of small grain size, very fast an d /o r turbulent winds and very 
high initial a ltitude of injection into the atm osphere will resu lt in 
significant long-distance transport. It is therefore pertinent to ask how 
closely long-distance transported dust is a reflection of the dust-raising 
activity in the source area. By using dust transported long distances we are 
already looking at a proxy index of dust activity (as an index of aridity or 
other factors) in the source area, rather than a direct measure.
The most intensively studied dust transport system is the Saharan/A tlantic 
system. Studies of individual dust transport episodes (Prospero, 1981b; 
Prospero et al., 1970; Prospero and Carlson, 1972; Prospero et al., 1981) have 
traced storm s from their origins in Saharan or sub-Saharan Africa to the 
w estern  A tlantic, usually  by satellite imagery. Time series of dust 
concentration monitored at sites in a transect across the northern tropical 
Atlantic show consistent summer maxima, in agreement with observations 
of haze frequencies along the coast of Africa at 20° N (Prospero, 1981a) and 
the frequency of frontal squalls in the Sahel which is the principal 
mechanism for dust raising (Tetzlaff and Peters, 1986). However, dust 
concentration records from Guyana, further south, agree (Prospero et al., 
1981) w ith African coastal dust haze frequencies at latitude 5-10° N 
(Prospero, 1981a) and the winter maximum of Harmattan dust raising in the 
Lake C had basin (McTainsh and W alker, 1982). The relatively lower 
am ount of dust transported by the winter system is principally a result of 
lower initial altitude of the raised dust (Tetzlaff and Peters, 1986). This 
example should be borne in mind as an illustration of the importance of the 
transport mechanism on dust flux recorded at a distant site.
The response of dust transport to clim atic variability  is less well 
documented. Prospero (1981b) noted higher concentrations of dust recorded 
at Barbados in 1973 and 1974 following the major drought in the Sahel 
region in the late 1960's and early 1970's and again in the early 1980's 
(Prospero and Nees, 1986). The time lag between drought and dust transport 
was also noted in M auritania by M iddleton (1989) and Prospero and Nees 
(Prospero and Nees, 1986) and is probably due to the time required for cover
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to be reduced and soil structure to decline. The effect of drought was also 
recognized by Tetzlaff and W olter (1980) who noted that inclusion of 
drought years in mean monthly concentrations at Barbados had the effect of 
increasing the summer peak and spreading the distribution. Monitoring of 
dust concentrations at Norfolk Island (Prospero et ah, 1989), in the 
southw est Pacific, shows a sum m er m axim um , in agreem ent w ith 
meteorological records of dust events from the whole continent (Middleton, 
1984) and M ildura, in the Mallee (Yu et al., in press). The increased 
frequency and m agnitude of events at M ildura during the drought of 
1982/1983 (Yu et al., in press) is also evident in the Norfolk Island record 
(Prospero et al., 1989). Such scanty and short-term  records are barely 
adequate, but do indicate that transported dust is capable of registering short­
term source area climatic variability.
1.2.3 Transport Paths
The coincidence of the surface sediment distributions (see below) and the 
trade wind belts in the Atlantic and zonal westerlies in the Pacific has been 
used to infer the mechanisms of long-distance transport (Kolia et al., 1979). 
Often jet stream transport has been suggested to account for the patterns of 
distribution (Rex and Goldberg, 1962; Wasson, 1987) and the timing of long­
distance deposition (Healy, 1970; Pye, 1987). Jet-stream transport of 
naturally-raised desert dust remains to be confirmed since all monitored 
m odern dust transport has been in the troposphere, above and below the 
inversion layer (Arao and Ishizaka, 1986; Betzer et al., 1988; Carlson and 
Prospero, 1972; Hirose et al., 1983; Prospero et al., 1970; Prospero and Carlson, 
1972). Lower humidity, greater height and velocity in the mid-troposphere, 
above the inversion layer make it m ore im portant for long-distance 
transport in both the Pacific and Atlantic. The rapid settling of coarser dust 
close to source may be largely from dust injected into the lower troposphere 
m aking such transport volumetrically more im portant. In either low or 
m id-troposphere long-distance transport, continual or regular turbulence is 
necessary to keep observed quantities and sizes of dust in suspension (Betzer 
et al., 1988; Carder et al., 1986; Prospero et al., 1970) and is probably more 
im portant than velocity per se. M id-tropospheric winds do not necessarily 
blow in the same direction as surface winds, further complicating the simple 
association of dust 'p lum es’ with surface zonal winds. This is true in 
equatorial Africa where seasonal reversal of the winds above the trade
Introduction 11
winds results in observed frequencies of dust haze in the equatorial Atlantic 
that more accurately reflect upper level wind patterns (> 700 mb) than 
surface w inds or even the seasonal distribution of dust-raising in Africa 
(Schutz et ah, 1981). In the mid-latitudes winds at all levels are essentially 
westerly.
Dust transported from the continents to the oceans has the potential to 
accurately record dust-raising in the source areas and may reliably record 
variations in the source-area environm ent which limit the m agnitude and 
frequency of events. However, the transport mechanism; seasonality, 
strength, turbulence and vertical profile of winds, add their signature to the 
dust record by determining the location of deposition and flux and size of 
dust reaching a site.
1.3 A Model of Dust Entrainment and Long-Distance Transport
Process studies of dust entrainm ent and transport suggest that the factors 
exerting the strongest control on flux and size of long-distance dust are wind 
conditions and source-area supply. That is; the response of the supply of 
dust for entrainment to wind erosivity, erosion hazard and erodibility in the 
source area and the subsequent distribution of the dust by transporting 
winds. The characteristics of the atm ospheric circulation which are of 
interest are velocity and turbulence since they determine the ability of the 
wind to transport dust. As sedimentological m easures of supply  and 
transport controls on dust transport, both aeolian flux and aeolian grain 
size, respectively, are valuable because they are both responsive to those 
controls and they are relatively easily measured from the geological record. 
To use these measures as palaeoclimatic indicators it is necessary to consider 
their response to both types of control.
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Figure 1.1 Dust Entrainment Model
1.3.1 Supply Limits on Dust Flux and Size
Figure 1.1 is a summary, in simplistic form, of the experimental and 
empirical information on dust entrainment. Part a of figure 1.1 shows the 
general relationship between wind erosivity (expressed as a simple linearly 
increasing factor combining velocity and turbulence) and stability of the
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surface for different erosion hazard conditions. The intention is twofold; to 
show that stronger winds are erosive at a wider range of erosion hazard 
levels than weaker winds (Leys, 1991) and conversely that at a given hazard 
level weaker winds may be ineffective but strong winds may cause erosion. 
The threshold is probably not linear and complete effective protection is 
apparently achieved before cover reaches 100% (Leys, 1991).
For unprotected soils the amount of material transported to a given point 
increases as wind velocity increases (Leys, 1991; Willetts et al., 1982), after the 
saltation threshold is exceeded (Gillette et al., 1974), and this effect is 
illustrated in part b of figure 1.1, line A. This relationship is fundamental in 
understanding the flux of dust; i.e. the capacity of the wind to transport dust 
increases with velocity. Capacity, being equivalent to 'discharge' (in rivers), 
is also dependent on the cross-sectional area of the flow. For the sake of 
simplicity this effect has been deleted from the model. Given the paucity of 
knowledge of the m odern dust transport paths it is probably best to assume 
constant cross-sectional area in palaeoclimatic studies (e.g. Parkin and 
Shackleton, 1973), leaving wind velocity or 'intensity' as the only variable 
determining capacity. The dependence of the size of transported material on 
the strength of the flow (Tsoar and Pye, 1987; Willetts et al., 1982) and the 
range of particle sizes present in natural soils accentuates the logarithmic 
increase in flux, represented by steepening lines in Figure 1.1 b, as stronger 
winds are able to transport a greater proportion of the soil particles.
The strength of the wind also determines the size of the largest grains which 
can be suspended. This simple dependence of competence on velocity is 
represented in figure 1.1 c (line A o*A i), neglecting the logarithm ic 
relationship (Gillette et al., 1974; Tsoar and Pye, 1987). Additionally, the 
higher threshold drag velocity necessary for the entrainm ent of grains less 
than 0.1 mm diameter (Gillette et al., 1974) means that, at source, light winds 
will not be able to entrain grains until their competence is sufficient to 
move 0.1 mm grains, i.e. the saltation threshold. After the saltation 
threshold  is reached the load should consist of large grains at the 
competence of the flow and all sizes below.
Both competence and capacity of the entraining wind are dependent on 
wind velocity and turbulence, and the relationships shown in figure 1.1 
reflect somewhat ideal conditions where the soil is easily erodible and cover 
does not protect the surface (soil A in figure 1.1 a, b and c). The actual flux
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and calibre (maximum grain size) of dust transported by the w ind is 
significantly modified by supply; limitations imposed by erodibility of the 
soil, erosion hazard of the surface and the d is tribu tion  of soil 
particle/aggregate sizes. In figure 1.1b the effect of erosion hazard on flux is 
indicated by lines B,C and D representing conditions of decreasing erosion 
hazard (fig 1.1a). For increasing cover (decreasing hazard) only relatively 
stronger w inds are effective such that for a given wind erosivity, flux 
decreases as cover increases (Leys, 1991). Soil erodibility has a similar effect 
on flux (fig 1.1 a & b). More erodible soils (soil 1 in figure 1.1) are eroded by 
weaker winds than less erodible soils (soil 2 in figure 1.1) and at a given 
strength contribute more dust (Gillette, 1981). The effect of decreasing 
erodibility (by increasing soil moisture, for example) is to raise the erosion 
threshold and decrease the flux of dust derived under any given erosion 
hazard conditions (fig 1.1 b). It is important to note that increased 'aridity' 
(decreased rainfall) should increase supply of dust both through increased 
erosion hazard and increased erodibility.
Erodibility and erosion hazard should have no effect on the size of grains 
transported by a particular wind (fig 1.1 c) but there are still likely to be 
supply controls on the calibre of the dust. A wind of a given strength may 
be capable of transporting fine sand particles but can only do so if they are 
present in the soil being eroded. Winds do not always transport at the limits 
of competence.
1.3.2 Transport Limits on Dust Flux and Size
A model of long-distance dust transport is summarized in Figure 1.2. In the 
sim ple scenario of dust raised to the m id-troposphere by convection 
associated with the passage of a turbulent, erosive cold front there are three 
'zones' representing different combinations of the two principal deposition 
mechanisms (rain-out and fall-out) and two transport mechanisms (frontal 
convective and geostrophic). In this case it is assumed that the turbulence of 
the transport layer is less than that of the convective cell and therefore that 
it cannot suspend indefinitely all the particles introduced to it. Fall-out 
follows until only small particles capable of indefinite suspension remain.
The two m ethods of deposition, fall-out and rain-out, change in relative 
importance along the transport path. Initially deposition from low-level
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entrainm ent at the front dominates, together with some fall-out of coarse 
grains carried higher into the troposphere and rain-out at the front itself. 
Transport distances tend to be quite short, most entrained dust probably 
doesn't leave the source area, but significant frontal transport of up to 
several hundred  kilom etres can occur w ith the right com bination of 
circum stances (Lourensz and Abe, 1983; Tetzlaff and Peters, 1986). 
Eventually low level dust transport becomes insignificant as dust load 
rapidly decreases after supply ceases. Further down-wind, fall-out from the 
m id-troposphere transport layer becomes most significant, with some rain- 
out also. The distance of effective fall-out is determined by the turbulence of 
the transport layer (controlling the size of grains capable of indefinite 
suspension) and the lateral velocity of the tropospheric winds. In the near 
field coarse grain size may be a reliable proxy of wind strength (Parkin, 1974; 
Parkin and Shackleton, 1973; Sarnthein and Koopmann, 1980) but is also 
responsive to changes in turbulence. Most deposition occurs by fall-out 
(Arao and Ishizaka, 1986) and further from source, where fall-out is less 
important, total dust fluxes are small. Dust transported such long-distances 
is essentially capable of indefinite suspension while turbulence does not 
decrease and rain-out is the most im portant deposition mechanism. The 
size of the dust in the far field should only respond to changes in the supply 
or the turbulence of the transporting wind. The great variability of 
turbulence recognized in m odern m onitoring experim ents leaves some 
doubt as to the best interpretation of dust size, averaged over thousands of 
years, in this zone.
The 'equilibrium  distribution model' is supported by m odern observations 
of dust flux to the Pacific and analysis of sediments in cores forming a down­
wind transect across the Pacific (Janecek, 1985; Tsunogai et al., 1985) which 
show initial rapid decline in flux and size with distance from source 
followed by only very gradual decline after a few thousand kilometres.
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Figure 1.2 Dust Transport Model
Dust is raised at or near the turbulent front and convected up to the transport layer (=1000- 
3000 m) where it is suspended by strong zonal winds. Settling of dust, by 'fall-out', 
progressively removes the coarse end of the particle-size spectrum (Gillette et al., 1974; 
Parkin and Shackleton, 1973; Schutz, 1979). Ideally, changes in the size of the largest 
particle reaching a given site should record changes in competence of the transporting flow, 
since particles of a given size should be transported further by a more 'intense' (higher 
competence) wind. This argument is based on observations and calculations of the ability of 
turbulent flows to support grains in suspension (Gillette et ah, 1974; Schutz et ah, 1981; 
Windom, 1975). Grains capable of indefinite suspension (determined by the value of Vsed 
/U*, where VSed is the sedimentation velocity and U* is the friction velocity, an expression
of the strength of vertical uplift or turbulence) have a distribution which is independent of 
horizontal velocity of the air-mass and progressive settling of large particles (Gillette et ah, 
1974). After some distance/time only particles capable of indefinite suspension remain, 
leaving a population of grains with an 'equilibrium' distribution. Subsequent deposition can 
only occur by rain-out or settling if there is a decline in turbulence and the size of the coarse 
end of the size distribution is dependent on the value of U*.
1.4 Continental Dust in Marine Sediments
The usefulness of the marine record of aeolian dust accession depends on 
how faithfully it represents the dust transport system. This in turn has two 
components; the geographic distribution of dust in marine sediments and 
agreement with transport paths and, secondly, the integrity of the record of
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dust which can be compromised by contamination or disturbance. Both of 
these issues are considered below followed by a discussion of the 
in te rp re ta tio n  of sedim entological in form ation  ob tained  from  the 
sediments.
1.4.1 Dust Distribution in Marine Sediments
N um erous studies of the Saharan/A tlantic system have dem onstrated a 
close relationship between transported dust and the distribution of dust in 
marine surface sedim ent samples. The distribution of quartz in Atlantic 
sediments (Kolia et al., 1979) near the northwest African coast bears a close 
similarity to m odern sum m er haze distributions (Prospero, 1981) both in 
latitudinal position and shape and direction of the 'plume'. The apparent 
disparity between the distributions of quartz and some clay minerals (Kolia 
et al., 1979) is in fact consistent with patterns in air-fall dust samples from 
the eastern Atlantic (Chester et al., 1972). It is less clear if two dust transport 
paths are responsible for the pattern, i.e. winter and summer, drawing from 
two distinct source areas reflecting gradients in soil composition of the 
region between the hum id tropics (kaolinite rich), the Sahel (illite rich) and 
the Sahara (illite and quartz rich) (Chester et al., 1972) to give two separate 
'kaolinite' and 'quartz ' patterns (W indom, 1975), or if a single larger 
heterogeneous source with a gradient of transport efficiency is being defined 
by abundant clays/fines grading up to coarse quartz (Kolia et al., 1979).
In general, the dust 'plumes' reconstructed from surface sediment analyses 
are the result of relative aeolian contribution to marine sediments. In the 
N orth Pacific the dust 'plum e' extends in a band alm ost to the North 
American coast (Windom, 1975) and sediments may be almost entirely of 
aeolian origin (Blank et al., 1985). This is at least partly because of the lack of 
other sources of sediment to the mid-Pacific and does not reflect absolute 
dust flux. Rather than a band of high dust flux extending across the Pacific, 
Tsunogai et al. (1985) showed an exponential decrease in dust flux to the 
North Pacific away from the Asian continent, with very low values beyond 
2000 km. These results agree with m easured and modelled fluxes to the 
N orth A tlantic from the Sahara (Schutz et al., 1981) dem onstrating the 
importance of particle settling by fall-out after initial injection into the fast- 
moving m iddle troposphere (see below).
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Improved techniques for estimation of clay mineral abundances (Heath and 
Pisias, 1979) and quartz abundance (Leinen, 1985) suggest that some of the 
older published Atlantic data and some of the Pacific data (e.g. Thiede (1979)) 
should now be interpreted cautiously.
At the synoptic scale, Saharan weather patterns have been related to a 
particular pattern of quartz concentration near the African coast (Sarnthein 
and Koopmann, 1980; Tetzlaff and Wolter, 1980). A hook-like pattern of 
quartz abundance in the sediment is apparently the product of a remarkably 
consistent synoptic pattern at times of dust storms, i.e. the easterly 
wave/squall line pattern, which results in a dust transport path leaving the 
coast near 20° N and then curving northward. Such remarkable detail in 
the sedimentary record is probably rare as in most areas the variability of the 
transport path combined with the poor resolution of the sedimentary record 
will combine to give only an 'average' pattern.
The fact that there is any agreement at all between atmospheric transport 
paths and the distribution on the sea floor of material of only micron size 
requires some explanation since Stokes' Law suggests that settling times in 
the ocean should be in the order of hundreds or thousands of years. Chester 
(1972) suggested the importance of faecal pellets in clumping together fine 
dust particles falling onto the sea surface and this is supported by 
observations of faecal pellets accounting for transportation of up to 90% of 
coccoliths produced in the surface zone and 90% of all material transported 
through the surface layer (Asper et al., 1992; Bishop et al., 1977; Bishop et al., 
1978; Honjo, 1976; Honjo, 1980; Honjo and Roman, 1978). This explanation 
is widely accepted as accounting for the rapid sinking necessary to produce 
the observed patterns of mineral distributions. In areas of rapid currents 
redistribution may still be a problem and in areas where bottom currents are 
strong enough to entrain sediment, such as the Verna Channel (Kolia et al., 
1979; Ledbetter and Ellwood, 1982) or the western margin of the Tasman Sea 
(Mulhearn et al., 1986) the compounding problem of re-entrainment will 
destroy the integrity of the record.
1.4.2 Integrity of the Dust Record
There are a number of ways in which the value of the record of deposited 
dust in deep-sea sediments can be lessened; some of which are largely
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surm ountable by choice of core location and some of which limit the detail 
of the record or our confidence in it. The four main assaults on the integrity 
of the dust record are; chemical dissolution, contamination, alteration and 
disturbance.
Chemical dissolution of silicate minerals (clays, feldspars and quartz) is 
small during settling (Lerman et al., 1974) and after deposition, while not 
well known, is usually assumed to be trivial. Soluble components of dust; 
salt (Schroeder, 1985), carbonate, dolomite (Chester et al., 1972; Ferguson et 
al., 1970; McTainsh and Walker, 1982) etc. are unlikely to ever be preserved 
in the m arine record and the same is probably also true of organic matter 
(McTainsh and Walker, 1982) with some exceptions, such as pollen and 
charcoal. Iron oxides, a minor constituent of most dusts (McTainsh and 
Walker, 1982; Walker and Costin, 1971), may be remineralized or dissolved 
in some sedim ent environm ents (Berner, 1981). These components are 
often minor constituents of continental dust, but their exclusion may lead to 
under-estimation of dust flux to the sea-floor. The effect should however be 
uniform over time and between systems and thus regarded as a consistent 
error.
Contamination is potentially a far greater problem in some areas of the sea 
floor. This is mostly because the rather ordinary minerals which comprise 
the bulk of aeolian dust are also present in shelf sediments, river sediments 
and volcanic ash. Dust is largely a combination of quartz, clays and feldspars 
(Chester et al., 1972; Ferguson et al., 1970; McTainsh and Walker, 1982) in 
varying proportions with some minor m inerals, also mostly common. 
These m inerals form as the result of continental weathering from a wide 
variety of sources (the entire arid and semi-arid region and some of the 
hum id parts of Australia, for example) and do not have characteristic, 
authigenic minerals (since dust, as defined, is the product of a m ethod of 
transport not formation). They are also often recycled w ithin the source 
regions before long-distance transport and both derive from and contribute 
to dune, lake and river deposits. Neither is the particle size range unique, 
with most rivers contributing large quantities of similar-sized clays etc. The 
most effective m ethod of avoiding contamination is to find sites with a 
minimal chance of receiving continental m aterial from any source other 
than wind transport.
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Studies of the distribution of minerals in surface sediments of the worlds 
oceans (Biscaye, 1965; Kolia and Biscaye, 1977; Kolia et al., 1979) indicate that 
direct introduction by rivers, wind and ice, and subsequent redistribution by 
turbidites and strong bottom-currents, account for the distribution of most 
minerals. There is also the potential for volcanic input throughout large 
areas of the oceans, especially the Pacific. Volcanic material can often be 
identified by chemical or mineral analysis (Olivarez et al, 1991) but is not 
easily separated. Strong bottom -currents have been observed to entrain 
sedim ent (H ollister and McCave, 1984) and therefore d istu rb  the 
sedimentary record. M easured bottom currents in the western Tasman Sea 
(Mulhearn et al., 1986), associated with eddies, are strong enough to entrain 
sediment. Both Pacific and Atlantic examples are associated with high eddy 
energy (Hollister and McCave, 1984; Morrow et al., 1992; M ulhearn et al., 
1986) suggesting that areas of high eddy frequency (Morrow et al., 1992) are 
unsuitable for study, as are nearby areas which may receive reworked 
material. Turbidites are most common along continental m argins with 
deposition occurring on abyssal plains hundreds of kilometres from source. 
Topographic barriers may be effective in containing the area of turbidite 
deposition (Eade and van der Linden, 1970). Mid-ocean sites in temperate or 
tropical latitudes, protected by distance or topographic barriers from 
turbidites and rem oved from major volcanic sources, should provide 
relatively uncontaminated records where dust is the only major contributor 
to the non-organic fraction (Blank et al., 1985).
Post-depositional alteration of aeolian dust is also a potential complication. 
Quartz and feldspars are likely to be relatively stable (but with some degree 
of dissolution) whereas iron oxides, and to a lesser extent clays, are likely to 
be susceptible to alteration under some conditions. Oxidation or reduction 
of montmorillonite is well known (Lyle, 1983; Rozenson and Heller-Kallai, 
1976) but is less important than possible authigenic formation from volcanic 
ash, i.e. contamination (Blank et al., 1985; Chester et al., 1972). Except for the 
quantitatively unim portant alteration of original iron oxides, diagenesis of 
the mineral components of aeolian dust is likely to be of minor importance, 
especially in late Quaternary sediments. Authigenesis, on the other hand, 
can be quantitatively im portant in some chemical environments, leading to 
form ation of iron and m anganese oxides, carbonates and sulphides, 
glauconite etc. (Berner, 1981). Some authigenic m inerals are easily 
recognizable and more a problem in separation from the clay fraction than 
in identification.
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Disturbance of the record, especially by bioturbation is one of the greatest 
threats to the integrity of the record of dust deposition. Disturbance by 
turbidites or bottom currents is areally restricted and can be overcome by 
selection of core location. In all but truly anoxic sedim ents, however, 
benthic fauna constantly turn over the sediment, thereby reducing the 
resolution of the record. The effects of bioturbation (the depth of mixing 
and degree of homogenisation) are largely governed by the sedimentation 
rate and infaunal mass (Guinasso and Schink, 1975). Areas of high 
accumulation rate will have relatively low, but probably still significant, 
levels of mixing. Generally shallower areas of the sea-floor, w here 
carbonate accum ulation is significant, are less hom ogenized and have 
higher overall accumulation rates than sediments of the deep ocean basins. 
In practice we rarely have the luxury of choosing between cores of known 
sedim entation rate before undertaking a study. In large areas of the 
southw estern  Pacific sedim entation rates are uniform ly low and any 
information therefore has a lower time resolution than might be preferred. 
Accurate determ ination of the timing of events, and clear recording of 
events, suffer from mixing even though the long-term  record rem ains 
essentially intact.
In summary, the best, most intact records of aeolian dust will come from 
areas where
1) soluble com ponents of the original dust are m inim al and chemical 
dissolution of siliclastics is unim portant
2) contamination is minimal and reworking negligible, i.e.
-removed from fluvial and ice-rafted sources of detritus 
-protected from turbidites by distance or bathymetry 
-not subject to erosive bottom currents, especially in areas of strong 
eddies, and without hemipelagic contributions 
-volcanic input is low
3) diagenesis and authigenesis are minimal -most likely in oxic or post-oxic 
sedim ents
4) bioturbation is minimal -i.e. areas of high sedim entation rate or little 
benthic activity
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1.4.3 The Marine Sediment Record and Palaeoclimatic Interpretation
The nature of the record of dust held in deep-sea sediments means that it is 
not as detailed as the events which caused it. This is both because of lack of 
resolution in the slowly accumulating sediments and the limited number of 
ways all the myriad conditions governing an individual dust event are 
expressed in the mineral dust transported from the continents to the ocean 
basins. W hat information can be retrieved from the marine record? The 
principal lines of evidence are sedimentological; relating to the quantity, 
size and mineralogy of the dust fraction and its location. In previous work 
only a few parameters have been used as dust indicators: the percentage of 
quartz in the non-biogenic fraction as a measure of wind 'intensity', the size 
of various fractions of the non-biogenic fraction, again as a measure of wind 
'intensity' or 'vigour' and the mass-accumulation rates (flux) of the aeolian 
component as a measure of source-area conditions ('aridity') or, according to 
some authors, wind conditions. Some variations on these methods include 
flux of the quartz component, flux of individual clay minerals and factor 
analysis of clay mineralogy to study the changing contributions of various 
sources and plotting the spatial distribution of any of these parameters at 
critical time 'slices' to identify the paths of the major wind systems. Some 
of the studies have relied on erroneous or sim plistic reasoning in 
in terpretation of the selected records, to the extent that a recent paper 
(Olivarez et al, 1991) has questioned the basis of the common interpretation 
of flux of dust as an indicator of aridity and particle size as an indicator of 
w ind 'intensity'. Examination of the points raised by Olivarez and co­
authors reveals that there are other serious problems in interpreting 'dust' 
records from m arine sedim ents. The commonly used m ethods are 
reviewed here and in the next section a model is proposed for interpretation 
of the record.
The 'Percent Quartz' Model
All studies using the percentage of quartz in the non-biogenic fraction of 
marine sediments argue that the distribution of quartz in m odern surface 
sediments of the sea-floor match the m odern wind pattern (in other words 
its strength) and therefore the relative abundance of quartz is a proxy of 
wind strength (Bowles, 1975; Leinen, 1985; Leinen and Heath, 1981; Molina- 
Cruz, 1977; Schramm, 1989; Thiede, 1979). There are several implicit 
assum ptions in this scenario, as well as some simplifications; 1. Quartz 
distributions match the pattern of the wind belts; 2. Source area soil types
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(supply) are insignificant in determining the composition of the dust; 3. 
Quartz represents the coarse fraction of the dust which 4. settles according to 
Stokes' law, i.e. winnowing of the dust is the principal method of size, and 
hence quartz, sorting and most dust settles by 'fall-out' rather than 'rain- 
out'. There is an additional problem in the quantitative determination of 
quartz by X-Ray Diffraction (XRD).
1. Q uartz D istribution. Dating from Radczewski's original work on 
'wustenquarz' (desert quartz) in sediments from the Cape Verde area of the 
Atlantic, quartz  was view ed as an ideal indicator of aeolian dust 
contributions. The m apped distributions of quartz in surface sediments of 
the oceans, furtherm ore, showed 'plumes' of quartz extending from the 
continents into the ocean basins at the same latitudes as the major wind 
belts (Windom, 1975) . But to state that the distribution of quartz matches 
the pattern of the wind systems is a simplification for at least two reasons; 
the latitudinal position of the wind belts is well marked but quartz decreases 
in concentration away from the Atlantic coast of Africa (Windom, 1975) or 
the Pacific coast of South America (Molina-Cruz, 1977) whereas w ind 
intensity does not (Molina-Cruz, 1977). Secondly, quartz concentrations are 
representative of source area soil types and therefore quartz concentration 
may be supply limited. The latitudinal variation in quartz concentration is 
the basis for determining past positions in wind belts while the downwind 
decrease has been used to estimate changes in wind 'intensity' or 'vigour'.
2. Source Area Control of Mineralogy. The Atlantic coast of Africa (as 
discussed above) has two distinct seasonal patterns of dust haze, a northern 
sum m er node and a more southerly w inter node (Prospero et al., 1981) 
coinciding with a quartz plume and a kaolinite plume in surface sediment 
concentrations respectively (Windom, 1975). These latitudinal patterns of 
presum ed dust mineralogy, confirmed by atm ospheric sam pling of dust 
(Chester et ah, 1972) along the coast, suggest that source area soil mineralogy 
m ay be im portan t in determ ining  m ineral d istribu tions in m arine 
sediments. This fundamental problem, in the best studied ocean margin in 
the w orld, has not been addressed in any of the studies using the 
concentration of quartz alone. The problem  is that in interpreting the 
sediment record of aeolian transport, the relative contribution of different 
source areas may confuse the signal of circulation pattern change which 
could be given by a single source. Leinen (1989) has to a large extent 
overcome this problem by studying the clay fraction of the dust.
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3. Size of Quartz Grains. It was recognized by many workers (but not stated 
by most) that the downwind decrease in quartz concentration must be a 
result of progressive removal of quartz because it forms the coarse end of 
the particle size distribution. A lthough this is the critical underlying 
assum ption of the ’percent quartz model' their are only a few published 
studies of particle size dependence of mineralogy, for example that of Betzer 
et al. (1988) which confirmed the relationship (but not the tran spo rt/ 
deposition mechanism) for North Pacific dust and Carder et al. (1986) who 
also found large quartz grains in abundance, but also a roughly equal 
am ount of large iron-rich grains, in Atlantic dust. Studies of Australian 
dust have shown the importance of clay aggregates (Dare-Edwards, 1984) 
which are unlikely to be represented in the particle size analyses of 
sedimentologists who favour wet analysis of well dispersed samples, and 
thus do not record the true aeolian aggregate size.
4. Dust Settling Mechanisms. The pattern of downwind decrease in quartz 
concentrations in the Atlantic and equatorial eastern Pacific, as a proxy of 
grain size, is strongly suggestive of Stokes' settling of w innowed dust 
(Parkin and Shackleton, 1973) but can also be interpreted as indicating the 
relative abundance (flux) of dust, indicated by quartz and other components. 
The distribution of quartz in the North Pacific, for example, does not show a 
progressive decrease in concentration from the Asian source area but, 
instead, a mid-Pacific maximum (Leinen and Heath, 1981), most probably 
reflecting relative flux. Continual removal by settling from a fast-moving, 
but non-turbulent, air-mass (Gillette et al., 1974; Parkin, 1974; Parkin and 
Shackleton, 1973) of coarser grains from dust of an initially homogeneous 
composition leaves a continually finer population as the dust is transported 
further from the source area. Stronger winds will transport grains of a 
given size further from source, but will m aintain the same distribution 
pattern of fine grains which are in suspension (Gillette et al., 1974). Parkin 
and Shackleton (1973) suggested that coarser grains settled out while fine 
grains were 'scavenged' by precipitation, a generalization which does not 
account for the importance of turbulence in transporting large particles long 
distances but is probably a reasonable account of deposition within one or 
two thousand kilometres of source, which is where most dust is deposited 
(Tsunogai et al., 1985). The importance of scavenging by precipitation (in 
volumetric terms) in dust deposition is still unclear. In relatively humid
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areas, such as the tem perate North and South Pacific, rain-out could be 
expected to be significant (Glasby, 1971).
To sum m arize; the 'percent quartz model' is likely to work best as a 
measure of wind 'intensity' where
1. There is little latitudinal change in seasonal dust deposition and the core 
is located under the centre of the transporting wind path.
2. There is a single, homogeneous source area for the dust.
3. There is a simple relationship between grain size and mineralogy, i.e. 
quartz forms the coarser fraction of the dust.
4. The core is w ithin one or two thousand kilometres of the coast, the 
transporting wind is not turbulent and rain-out is not important.
The percentage of quartz, as a proxy of the grain-size proxy of wind intensity 
is a very indirect measure and older studies also suffer from problems in 
accurate quantitative determ ination of quartz by X-ray diffraction. The 
location of the sam pling site beneath the centre of the transport path is 
necessary to monitor 'real' changes in wind strength rather than changes 
due to the migration of the wind belt over the site. Likewise, single cores far 
rem oved from the core w ind paths may give spurious or undesirably 
complicated records.
The 'Grain Size' Model
Many of the comments made on the 'quartz percent model' apply equally to 
measures of grain-size as indices of wind 'intensity'. Olivarez et al. (1991) 
have recently questioned the use of grain-size, but their study was really one 
on the effects of contam ination of the dust record by a com ponent of 
different size and chemistry; volcanic ash. They did however raise the 
notion of grain-size as a m easure of the 'competence' of the transporting 
wind.
Three crude groupings of techniques for size characterization are found in 
the literature. The first uses the shape of the distribution of the coarse end 
of the distribution to infer wind vigour based on models of air-fall, soil size 
distributions and transport path characteristics. It has only been applied to 
the S aharan /A tlan tic  system  and is the only m ethod w hich gives 
quantitative estimates of wind velocity. The other two techniques are more 
intuitive; the first is simply to use the relative proportion coarser than a 
given size as a measure of wind strength. The second is to use the median
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grain size as a measure of the coarseness of the entire distribution, and 
therefore as a proxy of wind strength.
Studies of grain-size of aeolian dust in Atlantic sediments (Parkin, 1974; 
Parkin and Padgham, 1975; Parkin and Shackleton, 1973; Sarnthein and 
Koopmann, 1980; Sarnthein et al., 1981) and of m odern Saharan dust 
(Schutz, 1979; Schutz and Jaenicke, 1974) have em phasized the coarse 
fraction which Parkin (Parkin, 1974; Parkin and Shackleton, 1973) suggested 
is predom inantly fall-out. The approach was to use the shape of the entire 
coarse distribution to infer w ind 'vigour', the product of thickness of the 
transporting layer and wind velocity. Following Bagnold’s (1941) method 
for displaying particle-size distributions (the differential of the cumulative 
size curve, whether expressed as mass or volume is plotted on a log scale 
against the log of particle diameter) it has been shown that populations of 
grains are represented as concave-down, straight-sided hyperbola (Bagnold, 
chapter 9, p 115). Bagnold demonstrated this distribution for dune sands but 
suspended particles also show a roughly similar structure (Schutz, 1979; 
Schutz and Jaenicke, 1974). The fine and coarse 'sides' of the distribution 
frequently  have different gradients, an expression of skewness, and 
commonly the coarse side is steeper in winnowed populations. Bagnold 
also showed that w innowing alters the shape of the coarse end of the 
distribution (commonly by steepening) and reducing the modal diameter. 
The shape and gradient of the fine end of the distribution, which is too fine 
to be sorted, is preserved (Gillette et al., 1974) while the concentration (per 
unit volume of air) of the whole distribution decreases.
The method used originally by Junge (published in German; referred to by 
others) and subsequently by Parkin, Sarnthein, Schutz and their co-authors, 
uses the changes in concentration of the coarse end of the distribution to 
infer wind strength or vigour. In the model, air velocity, height and cross- 
section of the transport layer, initial soil particle-size distribution and 
distance from source must be assumed and the flow is assumed to be non- 
turbulent. Two grain diameters are chosen and the value of 5V /5D  (V = 
concentration, D = diameter) calculated from the distribution. By assuming 
initial conditions and holding other variables constant the velocity of the 
transporting wind can be calculated. Modelling by Schutz (1979) reproduced 
the decline in concentration of the coarse end of the distribution and the 
decrease of modal grain size with distance from source. These features were 
also found in Saharan/Atlantic dust samples (Schutz, 1979) but the predicted
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increase in concentration of the fine tail w ith  distance from  source was not 
seen in the natural samples.
The assumptions of non-tu rbu lent transport and the geometry of the 
transporting air mass make their model d ifficu lt to apply to areas where the 
meteorology of dust transport is less well known, and best applied to areas 
close to source where fa ll-out is known to dominate. In h igh ly fine-skewed 
samples, where the coarse arm is steep and concentrations of coarse grains 
low , the technique is d ifficu lt to apply, doubly so because the necessity of 
choosing two diameters on the coarse arm of the d istribution gives only a 
very narrow  range w ith  maximum room for error. A  further complication 
arises when there are two or more overlapping population^of grains so that 
it  is not clear if  the coarse tails are responding to one, two or none different 
transporting w ind  systems.
Sarnthein and Koopmann (1980) used both the percentage of grains coarser 
than 6 pm  and the mode of the grain size d istribution (>6 pm) to trace the 
dust path. The mode has been shown by Bagnold (1941) and Schutz (1979) to 
be sensitive to w inno w ing  and the percentage of coarse grains in 
d istributions w ith  truncated coarse tails must be a close approxim ation of 
5V /5D . Both methods rely on the assumptions that there is little  la titud ina l 
shift in the w ind  belt over time (i.e. for a single core-study that it  remains in 
the centre of the w ind  belt), that aggregates of particles are not im portant 
and that fa ll-out is the dominant process of deposition.
A ll the studies of aeolian grain size in Pacific sediments, by Rea and co­
workers (Chuey et al., 1987; Hovan et al., 1991; Janecek, 1985; Olivarez et al., 
1991; Rea, 1982; Rea, 1990; Rea and Janecek, 1981; Rea and Leinen, 1988) have 
used the median grain size (<j) 50) of the entire aeolian fraction (or the 1-25 
pm fraction in  the last two studies) as a measure of w ind  'intensity'. Folk 
(1974) has discussed the ina b ility  of the median to describe adequately 
contrasting distributions, and as a descriptor of calibre it  is unsuitable since it 
is insensitive to changes in the coarse end of the spectrum but sensitive to 
rain-out of fines and the presence of fine aggregates.
In  the 'eq u ilib riu m ' grain-size d is tr ibu tion  model (Hovan et al., 1991; 
O livarez et al., 1991; Rea, 1982; Rea, 1990; Rea et al., 1985) the size of dust 
reaching d istant locations changes in response to w ind  'in tensity ' and is 
recorded in  the median grain size. Changes in the size o f dust thus
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deposited is a measure of turbidity, although Rea and his colleagues have 
usually interpreted it as a measure of lateral velocity (Rea et al., 1985) while 
there is no demonstration that the two parameters are directly related. It is 
im portant to note that this reasoning is different to that of Parkin or 
Sarnthein et al. (1981), where the majority of grains were from the 'too 
coarse' fall-out component.
Interpretation of the record from long-distance sites is obviously not a 
simple m atter of relating changes in size to lateral velocity, or 'intensity'. 
The giant dust grains (up to >200 microns) reported by Betzer et al. (1988) in 
the central North Pacific were apparently not deposited by particularly 
strong winds, the storm taking 10 days to reach the sampling site, leading 
the authors to suggest unusual convective turbulence along the path and 
introduction of unusually large particles at source as explanations. The 
second explanation, implying that the dust load usually transported is below 
the competence of the wind, limited by source area supply, is unnecessary 
since regular observations in Japan show an average size of 4 microns for 
fall-out dust (Arao and Ishizaka, 1986) indicating that transport strength, i.e. 
turbulence, is usually limiting. With such great variability in turbulence 
over a matter of days (Betzer et al., 1988; Carder et al., 1986) how should the 
record of turbulence from deep-sea records, in which there is a resolution of 
thousands of years, be interpreted? Indeed records from deep-sea cores in 
the central North Pacific show variation in grain-size of ± 0.1 phi unit about 
a median value of 8.6 phi (2.5 microns) over the entire Brunhes chron (Rea 
et al., 1985).
Until there is an exam ination of the broader climatic relationships of 
turbulence in tropospheric dust transport variations in grain-size from long­
distance sites cannot be reliably interpreted in terms of wind strength. Closer 
to source, where fall-out is dominant, grain-size may well be an adequate 
proxy of wind 'vigour' or strength.
Accurate m easurem ent is also essential for the successful interpretation of 
grain size. Leaving aside technical aspects of m easurem ent, which now 
have impressive precision (Hovan et al., 1991), the largest question over this 
technique is whether aeolian particle size is being recorded by analysis of 
dispersed, wet samples after settling to the sea-bed. To my knowledge only 
one study has made measurements of dry particles (Schroeder, 1985) and 
compared them with wet particle size. In that case of dust deposited very
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dose to source, salt was a major component in cementing clay aggregates. 
Aggregates formed by clay particles alone or with salt, calcium carbonate or 
organics (Dare-Edwards, 1984; Gillette et al., 1982; McTainsh and Walker, 
1982) are unlikely to be preserved in marine sediments or measured in size 
analyses. This may have a dramatic effect on the measured size distribution 
(Schroeder, 1985) and hence interpretation of the com petence of the 
transporting flow. Improved measurements of modern dusts, based on dry 
sam pling, are necessary to determine whether disaggregation of aeolian 
particles renders all sedimentological studies redundant.
The suitability of any measure of grain-size as a measure of wind 'intensity' 
is governed by the mode of transport and the method of deposition. In 
general, m easures of the coarse end of the d istribu tion  are better 
approximations of the calibre of the load, and thus the competence of the 
flow, where transport is less turbulent and fall-out is dom inant. In more 
hum id areas, where rain-out is more likely, or in more turbulent higher 
tropospheric transport the relationship of grain-size to gross climatic 
conditions is less clear and the best m easure is also less obvious. It is 
reasonable to suppose that a measure of the calibre of the coarse end of the 
size distribution will still be more meaningful than the m edian of the 
distribution and that at present only fall-out deposits can be meaningfully 
interpreted.
The 'Dust Flux' Model
The mass accumulation rate (MAR) of dust at a site is the best measure of 
dust flux to a site. Interpreting the causes of variation in MAR is now, 
however, the cause of some contention. MAR of dust has until recently 
only been used by Rea and his colleagues (Chuey et al., 1987; Hovan et al., 
1991; Hovan et al., 1989; Janecek, 1985; Leinen, 1989; Rea, 1982; Rea, 1990; Rea 
and Janecek, 1981; Rea and Leinen, 1988; Rea et al., 1985) in the Pacific as a 
measure of source area aridity. They have previously argued that studies of 
dust flux across the Atlantic during African droughts (Prospero and Nees, 
1986) support the association between flux and climate controlled supply, 
mainly the effect of vegetation on cover. Leinen (1989) has argued that the 
seasonality of climate and "specific source regions or specific transport paths 
control the total flux of dust" (p 725) based on the results of a study on the 
MAR of clay mineral assemblages (identified by factor analysis) indicative of 
the activity of different source regions over time. Those results were still 
interpreted as being largely a response to climate, albeit more complicated
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than the previous model. Olivarez et al. (1991) have since questioned all 
'aridity' explanations of MAR after observing a strong dependence on grain 
size which they explained in terms of the connection between capacity (flux) 
and competence (size) of river loads with velocity of the flow. The point is 
indeed a valid one (which should have been available from the literature of 
the fifties) but does not completely negate the use of MAR as an indicator of 
aridity, since supply also limits flux; i.e. flows do not always transport at 
capacity. This is amply demonstrated by the effects of erosion hazard on 
dust entrainment.
Mass accumulation rate is also dependent on the position of the sampling 
site in relation to the axis of the transporting wind. Leinen (1989) and Rea 
and Leinen (1988) used longitudinal transects to trace shifts in the North 
Pacific transporting winds over time. The decline of MAR to the north and 
south of the central plume is due to lower wind 'intensity' in the same 
transporting system. Changes in a single core could, therefore, reflect 
changes in the position of the transport path as well as any changes in the 
efficiency of transport or source area supply.
MAR at a site depends on the position in relation to transport paths, wind 
'intensity' (capacity) and supply. These effects may to some extent be 
decoupled by site selection and comparison of size and flux data. However, 
since flux is dependent on both flow conditions and supply it may not 
always be possible to distinguish the two effects.
M a g n e t i c  Tracing of D u s t  Flux
Largely as a result of the successful application of magnetic susceptibility 
m easurem ents to the differentiation of palaeosols in the Chinese loess 
deposits (An et al., 1991; Kukla and An, 1989; Kukla et al., 1988) the magnetic 
identification of dust in marine sediments is presently attracting attention. 
There are still relatively few published studies, however, and the same 
m istakes which w ere m ade in the Chinese loess record (M aher and 
Thompson, 1991; Zhou et al., 1990) seem bound to be repeated in the marine 
record, for example Petit et al. (1990).
Robinson (1986) first produced a record of aeolian contributions to Atlantic 
sedim ents using several param eters to define aeolian and non-aeolian 
contributions. He used the m agnetic p roperties of haem atite , the 
characteristic magnetic mineral in Saharan dust (Oldfield et al., 1985), as a
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tracer to indicate relative aeolian contribution. The relative ease of 
magnetic measurements, and the applicability to 'tracing' desert dust make 
it an attractive auxiliary technique to test in other areas. Robinson's work 
dem onstrated that susceptibility itself is not necessarily a good indicator of 
dust and in general antiferromagnetic minerals, such as haematite, have 
low susceptibility (Thompson and Oldfield, 1986). Therefore, the use of 
magnetic susceptibility as a measure of dust (Petit et al., 1990) may not be 
legitimate where other magnetic minerals are present.
If generally applicable, the interpretation of magnetic records of dust flux are 
subject to the same problems of interpretation as direct, sedimentological, 
measurements of dust flux.
1.5 A Strategy for Investigation and Interpretation of the Marine Record of 
Aeolian Dust
Two princip le  sedim entological param eters have been identified  as 
accessible and useful measures of the supply and transport controls on dust; 
the flux, or mass accumulation rate, of dust and the coarseness of the dust. 
These two characteristics have the potential to provide independent records 
of source area supply ('aridity') and the strength of the transporting winds. 
In that flux is responsive to both supply and transport controls, however, 
the interpretation of the records is not straightforward. Decoupling of these 
controls relies on establishment of the wind strength record.
In addition to direct m easurem ent of the aeolian fraction, by chemical 
isolation, m ineral m agnetic analysis was investigated as an alternative 
technique for estimation of aeolian concentration.
1.5.1 Determination of Wind 'Strength'
An im portant conclusion to be drawn from the discussion above (1.4) is that 
grain-size of the dust load, however measured, responds to different aspects 
of the transporting  w ind along the transport path depending on the 
dom inant m echanism of deposition. The interpretation of the record of 
dust size in the marine sedimentary record will therefore change according 
to the location of the core site. Accepting some assum ptions about the 
geometry of the flow, importance of soil aggregates and importance of rain-
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out, the size of dust grains close to source should reflect the lateral velocity 
of the tropospheric winds. Further from source size should respond to 
turbulence of the transporting wind and be independent of its lateral 
velocity.
Par t i c le  S i ze  D is t r ib u t io n
Because of the lack of information on either the dust transport mechanism, 
speed of transporting winds (for calibration) or initial size distributions the 
Junge/P ark in /S arn thein  model has not been used here. Instead other, 
equally valid, proxies of wind strength are investigated; diam eter of the 
coarsest m ode, the percentage coarser than 8 pm and the diameter of the 
coarsest grains (the coarsest interval where frequency > 2%). Conventional 
m ethods, such as median grain size and graphic mean are included for 
comparison.
Three fundamental assumptions are worth repeating;
1. Close to source settling occurs by air-fall and far from source by rain-out
2. Supply does not limit the size-range of transported grains
3. Aggregates of fine grains are not important in the size range measured.
D u s t  F lux  M e th o d
Flux also responds to changes in the transporting winds because of the 
greater ability of faster winds to transport dust and because faster winds 
transport settling dust further so that a site affected by fall-out may 
experience greater flux of dust by virtue of shorter transport times (figure 
1.3). In the long-distance transport zone, beyond fall-out, increased lateral 
velocity will increase flux in the same proportion as capacity increases, but 
sedim entation being independent of time, speed alone will not greatly 
increase flux. Increased turbulence should increase the proportion of the 
load capable of long distance transport, and therefore flux, but any increases 
in flux are likely to be small compared to the increases achieved by speed 
alone in the fall-out zone.
In figure 1.3 the effect of an increase in lateral velocity as seen as both an 
upw ard translation of the flux curve (small) and a lateral translation due to 
the greater distances particles can be transported by the stronger wind (large). 
For two cores spaced along this dow nw ind flux gradient, the principal 
expression of a change in lateral velocity is an increase in the flux difference
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between them. This difference, as a proportion of the flux to the more 
distant core, is used in chapter 7 to decouple transport and supply controls.
a initial conditions 
b increase supply 
C increase lateral velocity
distance from source
Figure 1.3 Down-Wind Dust Flux Model
1.5.2 Source Area Aridity
Changes in aridity, affecting erosion hazard and erodibility, should work to 
increase or decrease flux w ithout affecting the size of dust transported. 
Furthermore changes in supply alone should only affect the amount of dust 
transported to a site and not the distance particles of a particular size are 
transported (figure 1.3). The effect of increased supply should be recorded as 
an increase in flux at two core sites on the downwind flux gradient, but with 
maintenance of the flux difference between them. Use of down-w ind flux 
patterns may also be used to test single-core interpretations of wind strength 
from grain size. Neither technique is likely to be completely effective in 
resolving these two effects on the dust record since sim ultaneous increases 
in arid ity  and w ind strength  will produce sim ilar responses and an 
ambiguous record. The effects of circulation changes may therefore mask 
the effects of aridity in the dust record. Both cores should be at the centre of 
the dust plume (or the flux at the centre can be estimated) so that the effects 
of lateral movement of the dust plume can be controlled.
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1.5.3 Circulation Patterns/Position of Wind Belts
Meridional transects across the major dust paths should allow the position 
of the wind belts to be located at times in the past, from maxima of flux and 
dust coarseness. This is not only of interest in reconstruction of circulation 
patterns, but is critical in ensuring that conditions at the same point in the 
flow (the centre) are being compared over time. Ideally, two well-spaced 
transects across the dust plume should be used. Practically, this was not 
possible because of a shortage of suitable cores (see chapter 3). Suitable cores 
are those in which contamination from fluvial or hemipelagic inputs is not 
possible and where disturbance by slum ping or current rew orking is 
unlikely.
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Chapter 2 D ust Processes in Australia
January 20th 1836
We experienced this day the sirocco-like w ind of Australia, which 
comes from the parched deserts of the interior. Clouds of dust were 
travelling in every direction; and the wind felt as if it had passed 
over a fire.
Charles Darwin 
Journal of Researches
The anecdotal association of dust storms and drought figures significantly in 
Australian folklore. Since the beginning of the twentieth century there has 
also been scientific interest in dust-raising phenom ena; as curiosities, 
evidence of drought and evidence of land degradation wrought by European 
agricultural settlem ent on the virgin continent. More recently, interest in 
land degradation has encouraged research on wind erosion in Australia 
and, consequently, on dust phenomena. In this chapter the nature of dust 
phenomena in Australia will be examined in three sections; causes of, and 
controls on, dust entrainment, transport of dust out of the arid and semi- 
arid areas and the nature and quantity of the dust transported. The 
objective of this discussion is to establish the likely location of dust deposits 
around the A ustralian m argin, its sedimentological character and likely 
long-term  controls on dust flux as the basis for the palaeoclim atic 
interpretation of dust in marine sediments adjacent to Australia.
2.1 Dust Entrainment in Australia
2.1.1 Distribution of Dust Events in Australia
A number of studies have mapped the distribution of dust storms and dust 
events in Australia (Burgess et al., 1989; Loewe, 1943; McTainsh et al., 1989; 
McTainsh and Pitblado, 1987; Middleton, 1984). Loewe's map showed areas 
where dust storms were recorded in the drought years of 1938 to 1942 as well 
as the area of 'greatest frequency', based on some relative or subjective 
criteria. M iddleton's (1984) results, based on analysis of meteorological
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records for the period 1957-1982, confirm Loewe’s general observation of 
widespread occurrence, but with maxima in the arid and semi-arid interior. 
The most recent, and best, study is that of McTainsh et al. (1989). In that 
study only post-1960 meteorological records were used to overcome the 
problem of partial use of weather codes for some types of dust events prior 
to 1960. As defined, a dust event is any observation of dust phenomena, 
including blowing dust, dust haze, dust whirls and dust storms (McTainsh 
and Pitblado, 1987) where a dust storm is a dust raising event during which 
visibility is reduced to less than 1000 metres.
In outline, the pattern of dust storm occurrence in Australia shows very low 
frequencies of dust storms around the northern and eastern coastlines of the 
continent and in Tasmania and the southwest corner. W ithin the central 
area, defined by the 400 mm rainfall isohyet (McTainsh et al., 1989), there are 
several nodes of high frequency of dust storms. As defined by McTainsh 
and Pitblado (1987) they are:
A Central Australia, centred on Alice Springs
B Central Queensland, " " Charleville
C The Mallee Region, " " M ildura
D The Nullarbor Region, " " Ceduna, Kalgoorlie
E Coastal W.A., " " C arnarvon
Of these nodes Central A ustralia and Coastal W.A. have the highest 
frequencies, more than five storms a year on average. Burgess et al. (1989) 
constructed a model of dust storm distribution by relating storm frequency 
to the climatic factor P-E (where P is precipitation and E is evaporation). 
They found a general trend linking dryness with higher storm frequency but 
with all the nodes defined above having higher than expected frequencies 
which those authors attributed to 'local' effects. Some of the nodes were 
reasoned to be areas of 'excess w ind erosion ' because of hum an 
management practices, but others to be areas of naturally higher erodibility. 
The implication is that dust storm frequency is actually limited by factors 
such as cover or erodibility and that naturally dust frequencies would be 
much lower than in the period of European occupation.
The low frequency of dust storms and dust events over the coastal margins 
of Australia (McTainsh et al., 1989; McTainsh and Pitblado, 1987; Middleton, 
1984) illustrate that most dust entrained is re-deposited in the source areas 
and not transported long distances. The occasional dust storms affecting the
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eastern coast (Knight, 1990; Loewe, 1943; Lourensz and Abe, 1983) have a 
frequency of one every two to five years (Middleton, 1984) while haze 
events have a similar frequency (McTainsh and Pitblado, 1987).
For several reasons the meteorological records should be interpreted with 
some caution. There are obviously some problems in the recording of the 
dust codes themselves (McTainsh et al., 1989) but there is also some 
suspicion that the suitability of different stations for the analysis is quite 
variable. More than half of all dust storms recorded at Broken Hill were of 
less than 3 hours duration (Thompson, 1982) therefore meteorological 
sta tions recording  conditions once or tw ice daily  m ay seriously  
underestimate the frequency of events. All the stations at the centres of the 
nodes of high dust storm frequency (McTainsh et al., 1989) are AMO stations 
taking 3 hourly observations. The configuration of the dust storm  
distribution map depends on low frequencies being accurately (or as well) 
recorded at 4 stations (Longreach, Giles, Forrest and M eekatharra) and 
higher frequencies at only 10 (see McTainsh and Pitblado, 1989). Contouring 
on AMO stations alone does not significantly alter the distribution pattern 
but leaves very large areas without coverage.
In sum m ary, the gross spatial distribution of dust storms, being the best 
index of significant dust entrainm ent, is related to the climatic gradient 
across the continent but is also heavily dependant on local conditions 
governing soil erodibility and erosion hazard.
2.1.2 Climatic Variability and Dust Entrainment
Information on the temporal variability (time-series) of dust entrainm ent is 
still scant. McTainsh et al. (1989) recognized a general relationship between 
the frequency of dust storms in a given year and the quantity of rainfall in 
that year at a site. They also recognized that the extent of dust storm  
observations increased in drought years and decreased in relatively wetter 
years. Likewise Thompson (1982) observed a relationship betw een the 
distribution of rainfall and dust storms at Broken Hill. In that study, the 
role of rainfall in supporting an adequate plant cover to reduce erosion 
hazard was identified. The seasonal distribution of erosive winds was also 
shown to contribute to the annual pattern of dust storms which show a 
distinct sum m er maximum.
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Month
Figure 2.1 Monthly Frequency of Dust Events and Dust Storms 
at Mildura for the Period 1946-1989
Meteorological records from Mildura have recently been used by Yu, Hesse 
and Neil (in press) to investigate the relationship between antecedent 
rainfall and the occurrence of dust events1. The time series of monthly 
event frequencies over the period 1960 to 1989 clearly shows an annual 
pattern of summer dust storm and dust event maxima and winter minima. 
This is also shown in the m onthly distribution of all events (figure 2.1). 
Superimposed on the normal annual pattern is a periodic exaggeration of 
the sum m er maximum which appears to occur after extended periods of 
rainfall deficit. Correlation between annual dust event frequency and 
annual rainfall was higher when the previous year's rainfall was compared 
(Spearman's rank correlation co-efficient, r = -0.6206) than when rainfall for 
the curren t year (r = -0.0039) or earlier years were used. Further 
investigation  show ed that sum m er dust event frequency was m ost 
significantly correlated with the previous autum n rainfall, more so than for 
any other season or combination of seasons. This relationship, Ns = 40.8 -
1 My role in this project included co-operation in the initiation and design of the project, 
interpretation of the raw data, some of the initial analysis and a substantial contribution to 
the interpretation of the results. In these areas my co-authors also contributed and I therefore 
do not wish to take complete credit for any particular part of the study. In particular the 
statistical and mathematical analysis, involving construction of the predictive model, was 
largely undertaken by Dr Yu.
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17.6 log (Rs-3), r=-0.702 (Ns is the number of summer dust storms and Rs-3 
is the rainfall 3 seasons before summer), was used to predict annual dust 
storm frequencies from regional seasonal rainfall. Actual and predicted 
annual frequencies are plotted in figure 2.2 and show good agreement, with 
an average absolute error of 3 dust days.
The annual pattern of dust event frequency at Mildura seems to be due to 
the seasonal variation of erosive winds, with a sum m er maximum, soil 
erodibility (summer maximum due to lowest soil m oisture levels) and 
erosion hazard (summer m aximum due to seasonal decline of annual 
pasture and spring harvest of cereal crops combined w ith consequent 
increased grazing pressure). Failure of adequate autum n rainfall prevents 
establishment of annual grasses and crops, increases grazing pressure as soil 
m oisture decreases and the consequent heightened erosion hazard and 
erodibility lead to more frequent and more intense dust-raising events the 
following summer (Yu et al., in press).
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Figure 2.2 Actual Summer Dust Event Frequencies and Frequencies
Predicted by a Model Based on Previous Autumn Rainfall
In the agricultural landscape around M ildura hum an intervention is 
instrum ental in causing wind erosion. Prior to European settlem ent the 
area was covered by dense stands of multi-stemmed eucalyptus trees and tall 
shrubs (mallee) w ith a herbaceous understo rey  that stabilized the 
underlying dune sands (Ash and Wasson, 1983). The present cover of
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annual grasses and cereals is sufficient to prevent wind erosion in wet years 
but can be wiped out in droughts. Agriculture also increases erodibility by 
destroying soil structure and organic soil surface crusts.
Currently in Australia, dust-raising is limited by cover and erodibility but is 
also dependent on the seasonal occurrence of erosive winds. Climatic 
variability, over the time-span of several years is sufficient to affect the 
frequency of dust events and the severity, or magnitude, of events.
2.1.3 Controls on Dust Entrainment in Australia
The distributions of dust events and temporal variations discussed above 
allow some insight into the importance of various factors controlling dust 
en tra inm ent in A ustralia. Soil erodibility, erosion hazard and wind 
erosivity themselves have only been poorly studied in most instances and 
so conclusions as to the relative importance of these factors are largely 
inferred from the meteorological and historical record.
Soil Erodibility
The susceptibility of the soil to erosion is dependent on the structure, 
texture and chemistry of the soil, which are relatively constant over long 
periods of time, soil m oisture which responds to precipitation over very 
short time-scales and groundw ater, which is variable over interm ediate 
time scales.
Over large tracts of the Lake Eyre and M urray-D arling basins the 
groundw ater table 'outcrops' perm anently or episodically affecting the 
erodibility of surface materials. Variation in the levels of such large 
groundw ater tables may ultimately be related to gross climate changes but 
with response times of thousands of years or longer. Because of the low 
relief of the in land basins small changes in the elevation of the 
groundw ater table can profoundly change the area of land affected. As 
discussed in Chapter 1, groundwater wetting by itself would act to decrease 
erodibility (Chepil, 1956) however the chem istry of the groundw ater, 
especially salinity, enhanced by evaporation in discharge zones, can cause 
opposite effects (as well as killing vegetation if originally present). Salts may 
act to help form a surface crust, and lower erodibility (Gillette et al., 1982) or 
encourage formation of larger erodible particles as a surface dries (Bowler,
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1973; Breuninger et al., 1989). The effect is likely to be dependent on the 
relative abundance of salt, clay mineralogy and extent of wetting. Presently 
in A ustralia salt-related efflorescence from playas is areally restricted 
(Bowler, 1973) but was probably of greater significance at times of high 
groundwater levels in the past (Bowler, 1976).
Soil m oisture responds to local precipitation, or more precisely the balance 
between precipitation and evaporation. Therefore a map of soil moisture 
will be greatly influenced by the distribution of precipitation but also 
modified by soil types, depending on their water-holding capabilities. In 
general terms then, soil moisture may contribute more to the stability of 
soils in the hum id fringes of Australia but is likely to be only seasonally or 
irregularly  significant in the arid and sem i-arid interior. The broad 
relationship between decreasing precipitation and increasing dust event 
frequency (Burgess et al., 1989) is most probably the result of a combination 
of soil moisture and vegetation effects. At Broken Hill short periods of low 
soil m oisture are accompanied by increasing dust storm frequencies, and 
these account for most dust storms (Thompson, 1982). Longer periods of 
low soil m oisture are not accompanied by high dust storm frequencies. 
Seasonality of drought may be im portant in explaining this seemingly 
anomolous result.
Although experimental results suggest a fairly simple relationship between 
particle size and threshold friction velocity (Gillette et al., 1974), with 
m inimum velocities required to entrain particles of 0.1 mm diameter and 
increasing for both smaller and larger grains, natural soils have more 
complex relationships because of the mixture of grain sizes, the tendency to 
form aggregates and the tendency to form surface crusts. On the basis of 
grain size alone, the sand dunes of the arid zone should be some of the 
most erodible soils. Such large grains move by saltation but may contribute 
to dust entrainm ent by chipping and shattering on impact to produce finer 
grains or by dislodging aggregates of finer particles after saltation begins 
(Gillette et al., 1974). Large areas of the A ustralian dunefield have a 
significant contribution of clays, deflated from the internally draining river 
systems (Wasson, 1983). Re-mobilization of these fines by saltating sands is 
possibly a significant source of dust (McTainsh, 1989). The ability of finer- 
grained soils to contribute dust depends either on the occurrence of very 
erosive winds or the formation of coarser aggregates of particles. There are 
various mechanisms which lead to the formation of such wind erodible
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aggregates (Breuninger et al., 1989) and several chemical properties 
favourable for their formation (Gillette et al., 1982). Drying and cracking of 
clay soils is one of the most important mechanisms of aggregate formation, 
others being salt efflorescence, abrasion, mechanical disturbance by animals 
etc. The tendency of soils to form crusts lim its erodibility. Factors 
contributing to crust formation are the proportion of clay, salt and carbonate 
and mineralogy of the clay. In all cases disturbance significantly increases 
erodibility. Clay rich alluvial deposits may form erodible particles given the 
right conditions of moisture, mineralogy and chemistry. The composition 
of recorded dust falls suggests that alluvial deposits may indeed be major 
dust sources (Blackburn, 1983) and clay pellets in inferred aeolian deposits 
(Bowler, 1973; Butler, 1956; Dare-Edwards, 1984) suggest the importance of 
lacustrine and alluvial sources. By contrast, areas of bare rock and gibber 
plain will be immune to erosion, contributing to the patchwork distribution 
of dust storm frequencies observed in the arid zone of Australia.
Erosion Hazard
The strong correlation between seasonal rainfall and dust storm frequencies 
in the Mallee area (Yu et al., in press) is strong circumstantial evidence for 
the role of vegetation in decreasing erosion hazard. The relationship is not 
a clear one, however, as precipitation also lowers erodibility by increasing 
soil m oisture. Thompson's (1982) record of pasture condition at Broken 
Hill shows reasonable agreement with the dust storm record, both in the 
annual distribution and inter-annual variations, and a clearer relationship 
than between soil moisture and dust storm frequency. Ash and Wasson's 
(1983) conclusion that plant cover does not limit mobilization of sand dunes 
(except the natural vegetation of the mallee dunefield) is apparently not 
applicable to dust-raising, at least in the southern parts of Australia. The 
thicker pem m ial vegetation in pre-European times (Thompson, 1982) must 
have imposed even greater restrictions on dust entrainment.
Wind Erosivity
Although generally estimated from measurements of velocity alone (Kalma 
et al., 1988; Sprigg, 1982; Thompson, 1981), wind erosivity is also dependent 
on the turbulence of the flow because of the vertical force im parted to the 
soil surface and the lifting effect of vertical movements. Prevailing or 
average winds are not necessarily good indicators of erosivity (Thompson, 
1981) and this is well demonstrated by the association of severe dust storms
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with short-lived, highly turbulent cold fronts (Gillette et al., 1978; Knight, 
1990; Loewe, 1943; Sprigg, 1982; Tetzlaff and Peters, 1986).
Derived values of wind erosivity for dust (Thompson, 1981) and sand 
(Kalma et al., 1988) in Australia show strong seasonality with a maximum 
in spring and minimum in Autumn. The direction of erosive winds also 
changes seasonally and in inland southern Australia are dominantly from 
the west during the winter and spring and southerly in summer. These 
independent observations agree well with the seasonality of dust events and 
direction of dust bearing winds at Mildura (figure 2.3) , discussed above (Yu 
et al., in press).
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Figure 2.3 Wind Direction at Mildura During Dust Storm and
Dust Event Observations (1946-1989)
The continent-wide distribution of sand-moving winds, based on average 
afternoon wind strengths (Kalma et al., 1988), shows maxima around the 
coastline and in southern Australia extending inland from the Great 
Australian Bight. This may be similar in outline to the distribution of dust- 
entraining winds. Loewe (1943) and Sprigg (1982) have summarized typical 
w ind patterns and meteorological conditions at the time of modern dust 
storms. Sprigg (1982) outlined three dust entrainm ent mechanisms, two of 
which raise dust in the southeast of the continent and the third contributing 
to the 'northwest dust path' of the tropics.
Dust Processes in Australia 45
In southeastern Australia dust-raising is generally associated with the 
passage of cold fronts in sum m er, either by hot northwesterlies coming 
from central Australia before the front or by the turbulent winds at the 
front. Generally both types of event accompany one typical weather pattern, 
and these can be seen in the example of the February 1983 dust storm (figure 
2.4). A high pressure cell, almost stationary over the Tasman or Coral Seas, 
brings a stream  of hot air from northern Australia into southeastern 
Australia for up to several days. An eastward moving intense low pressure 
cell to the south approaches the high pressure cell, increasing the horizontal 
pressure gradient and strengthening the hot northwesterlies which may 
raise some dust (Sprigg, 1982). Prior drying of the soil by the hot wind 
increases erodibility while strong heating of the surface increases the lapse 
rate, and therefore turbulence, of the mixing layer (Loewe, 1943). Strong 
winds associated with the high pressure gradient at the front, or the trough 
preceding the front, combine with turbulence associated with the strong 
surface heating to raise dust near the front (before or after) (Loewe, 1943; 
Lourensz and Abe, 1983). In the case of the February 1983 Melbourne dust 
storm, the 'wall' of dust preceded the front and accompanied the wind 
change in the trough (Lourensz and Abe, 1983). Lourensz and Abe 
m aintained that the dust of the February 1983 storm  came from the 
northwest (the orientation of the cloud) but it seems more likely that the 
area directly to the west of Melbourne, dried by the intense drought, was the 
source.
W hile the scenario above describes surface conditions leading to the 
occurrence of erosive w inds, upper level winds, particularly jet-streams, 
have been pu t forward as im portant dust transport paths. The necessary 
turbulence and velocity for dust entrainm ent arise out of the combination 
of heating and circulation patterns most commonly occurring in late spring 
and sum m er when heating is strongest and the w ind belts are in their 
optim um  positions (Loewe, 1943). A similar set of conditions account for 
most extra-tropical dust-raising (Jackson et al., 1973; M iddleton, 1989). In 
North America, jet-stream interaction is recognized as a major contributing 
factor to dust-storm  development, in a feedback relationship with surface 
cyclones (Jackson et al., 1973).
W ithout direct monitoring of many individual events, as has occurred in 
the United States, any discussion of the role of jet streams in the initiation 
of suitable conditions for dust storms in Australia is conjectural. Figure 2.4
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shows the position of the jet streams over Australia at the time of the 
February 1983 dust storm. The jet stream at the time of the dust storm is 
split, with one stream flowing eastward from the Gulf of Carpentaria and a 
southern arm  forming a standing wave, of changing am plitude, to the 
south. The southern, sub-tropical jet arches northward over southwestern 
Australia and then swings southward to south of Tasmania before turning 
north again to pass over New Zealand. The northw ard (equatorward) 
extremes are m arked by descending, rapidly m oving air, seen in the 
positions of the wind maxima (highest contour gradient) at 250 mb and 500 
mb. At these lower altitudes the wind maxima are displaced further north, 
and pass over Tasmania, whereas the jet stream itself is always far distant 
from the area of dust entrainment. Jackson et al. (1973) have discussed the 
role of the descending arm of the jet stream in transferring momentum to 
the surface and entraining wind. A similar situation may occur over 
southern Australia but is yet to be well studied.
Clearly the type of frontal storm described above will be more common in 
southern Australia but they do occasionally entrain dust in northern New 
South Wales and Queensland (Knight, 1990; Loewe, 1943), depending on the 
intensity of the low pressure cell, position of the high pressure cell and 
ground conditions in the summer rainfall zone. The northwest dust path 
identified by Bowler (1976) and discussed by Sprigg (1982) may be important 
in entraining dust at Alice Springs and Carnarvon (McTainsh et al., 1989) 
but is less well known.
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Figure 2.4 Synoptic Weather Patterns at the time of the February 1983
Dust Storm (from Bureau of Meteorology Synoptic Charts)
The charts are arranged in chronological sequence for three levels (mean sea 
level, 500 mb and 250 mb) and the maximum wind level.
The charts cover the period before and after the storm and allow the passage 
of the cold front and the pre-frontal trough to be followed. Times are given 
in G.M.T: local standard time is obtained by adding 10 hrs and local summer 
time by adding 9 hrs.
The dust storm was recorded at Mildura at 2.00 and 5.00 G.M.T. on 8/2/83 
(Bureau of Meteorology records) and at Melbourne at 6.00 G.M.T. on 8/2/83 
(Lourensz and Abe, 1983).
The front approached Victoria from the west as a north-south-stretching 
feature after several days of very hot dry northwesterly winds introduced 
from central Australia by the stationary anticyclone over the Tasman Sea. 
As the front approached the anticyclone, the pressure gradient at and before 
the front increased and the front itself was deflected by the blocking high to 
extend in a northwest-southeast direction. By 6.00 G.M.T. 9/2/83 the front 
had passed over the South Island of New Zealand.
Higher level charts show a strengthening ridge of high pressure over the 
Tasman Sea ahead of the passage of the intense front. This is also seen in 
the path of the southerly jet stream which increases in amplitude on the 
8/2/83 to pass south from Australia to south of 50°S.
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A v a i l a b i l i t y  and  Format ion
The availability of material suitable for entrainm ent is fundam ental to the 
question of dust entrainment. It relates both to erodibility (a function of 
size, threshold friction velocity etc.) and re-supply of suitable material for 
erosion. McTainsh (1989) has already discussed the question of supply and 
concluded that the inland-draining basins of eastern A ustralia may be 
significant long-term sources of dust because of the continual re-supply by 
rivers draining the humid eastern and southern margins of the continent. 
This is analogous to the geomorphic setting of west Africa where sediments 
of the Lake Chad basin are reworked in H arm attan dust (McTainsh, 1984; 
McTainsh, 1985).
In Australia the production of silt and clay-sized particles suitable for 
transport by aeolian suspension occurs by non-glacial processes. Pedogenic 
formation is probably the main process however other processes include salt 
weathering and fluvial and aeolian abrasion, which break down coarser 
grains, and pelletization and aggregation of fine particles into wind-erodible 
aggregates (figure 2.5). In addition, products of all these modes of formation 
are reworked through the landscape by both aeolian and fluvial processes. 
Silt-sized particles are produced by the breakdown of primary igneous quartz 
in the soil and subsequently by fluvial transport (Moss, 1972; Moss and 
Green, 1975). The release of silt-sized quartz grains from older sedimentary 
rocks m ust be at least as im portant quantitavely in the Lachlan and New 
England Fold Belts of Eastern Australia. These are the principal sources of 
'pedogenic' silt. Salt weathering of quartz (Pye, 1989) is a further process of 
silt production which could conceivably be occurring in groundw ater- 
controlled deflation environments, especially in inter-dunes where there is 
a ready supply of sand. The quantitative importance of salt weathering or 
aeolian abrasion in silt production is unknown.
In the southeast Australian environm ent there are several processes by 
which weathering products are distributed and reworked in the landscape 
and by which they can be entrained as dust. These are summarized in figure 
2.5. The deflation of primary weathering products from soils is probably of 
m inor importance since vegetation may limit entrainm ent in the humid 
continental margin where primary weathering is important, even under the 
relatively arid conditions of the glacial maxima (Hope, 1987). It is also 
apparent that the margins of the semi-arid zone are sinks for aeolian dust 
and in several localities aeolian material mantles the upland landscape or is
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Figure 2.5 Formation, Storage and Movement of Fine Particles in the
Australian Environment
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incorporated into the soil (Beattie, 1972; Chartres and Chivas, 1987; Chartres 
et al., 1988; Chartres and Walker, 1987; Gorecki et al., 1984; Wright, 1986). In 
the western part of the Murray-Darling Basin and in the Lake Frome area 
aeolian landforms and the evidence of widespread deflation are abundant 
(Bowler and Magee, 1978) and it seems likely that these areas are the major 
sources of dust.
The d istribution  of dust-raising  events in A ustralia today supports 
McTainsh’s interpretation, with low incidences recorded over the western 
sector of the arid zone where sand dunes are common but alluvial deposits 
rare (McTainsh et al., 1989; Middleton, 1984). The low production of dust 
from these dunefields may be due in part to lower windiness (Kalma et al., 
1988) but is most likely a reflection of the low efficiency of production of fine 
particles by aeolian abrasion in sand dunes (figure 2.5). Pure desert dunes 
are a relatively m inor com ponent of the landscape of southeastern 
A ustralia, being represented by sub-parabolic dunefields and source- 
bordering dunes (Bowler and Magee, 1978) in the M urray Basin and the 
distal western and northern portions of the Strzelecki Dunefield in the Lake 
Frome Basin (Wasson, 1983). These 'siliceous' (i.e., predom inantly quartz) 
dunes are derived from reworking of older basin sediments of Tertiary age.
Several pathw ays exist for the rew orking of alluvial m aterial in the 
landscape (figure 2.5). Mud is deposited on floodplains in inter-dune 
depressions and in ephemeral lakes along the lower reaches of the rivers 
debouching onto the basin floors from the hum id eastern uplands. 
Deflation of these sediments is often assisted by ground-w ater processes 
(Bowler, 1973) which provide a pelletization mechanism that increases the 
erodibility of the usually stable silt and clay (Breuninger et al., 1989). Direct 
deflation of these deposits may be a source of dust (figure 2.5) or, 
alternatively, this material may be added to sand dunes. Large areas of the 
Mallee and Strzelecki-Simpson dunefields have clay-rich layers, usually 
light-coloured, which are derived from inter-dunes, floodplains or nearby 
ephemeral lakes (Bowler and Magee, 1978; Wasson, 1983). While deflation 
of inter-dunes may be groundw ater controlled, the release of the fines 
redeposited on the dunes is dependent on aeolian reworking. Entrainment 
m ay be aided by the generally drier conditions on the dunes and 
bom bardm ent by saltating sand grains. Wasson (1983, figure 3) has shown 
that Plio-Pleistocene fluvial sediments underlying the Strzelecki dunefield 
contain large am ounts of silt which is available for entrainm ent when
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rew orked through dunes or inter-dune deflation. Storage sites of fine 
particles in the landscape may be long-term  w ith  rew ork ing  of 
unconsolidated Tertiary sedim ents common in the M urray-Darling and 
Lake Eyre Basins.
Deflation of reworked 'pedogenic' silt and clay from the internal basins of 
inland southeastern Australia is likely to be the source of most long-distance 
dust entrained in the southeastern dust path.
Anthropogenic Effects
Largely through agricultural practices, Europeans have caused enormous 
change in the Australian landscape. Some of those activities, especially in 
the semi-arid regions, led to wind erosion on a scale reminiscent of the 
United States dust bowl (Williams, 1978). The greatest potential for 
exacerbation of dust entrainm ent lies in increasing erosion hazard and soil 
erodibility. The removal of native vegetation (Williams, 1978) or grazing 
induced change from perennial to annual plants (Thompson, 1982) are 
major factors increasing erosion hazard (Leys, 1991) and dust entrainment. 
The reduction in vegetation has been achieved by deliberate clearing and 
cultivation, thinning by grazing and alteration to less protective grasses by 
grazing and fire. Erodibility has also been increased by a variety of pathways, 
ranging from cultivation and the destruction of soil structure (Burgess et al., 
1989) to seasonal reduction of soil moisture (Williams, 1978). Overall, it 
seems likely that the effect of European agricultural practices, and to a lesser 
extent aboriginal burning, has been to increase the severity of wind erosion 
through increased erodibility and erosion hazard.
2.2 Long-Distance Dust Transport from Australia
There is no doubt that dust storms do transport dust from arid and semi- 
arid Australia to the hum id fringes and out to sea. Two major dust paths 
were identified by Bowler (1976) and now seem to be generally accepted 
(McTainsh, 1989; Sprigg, 1982), at least as a basic model. For the purposes of a 
palaeo-environm ental study of dust in marine sediments it is necessary to 
understand the pattern and mode of transport for two reasons; firstly, to 
help locate areas suitable for study, that is those areas which receive dust 
from Australia and, secondly, to understand the sedimentological character 
of the dust from the mode of transport, as discussed in chapter one.
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Much of the discussion of dust transport in the first chapter used examples 
from the Atlantic/Sahara and the North Pacific/Asian systems. In those 
areas long-term m onitoring of dust transport, specific aeroplane-based 
studies and the use of satellite im agery have contributed  to the 
understand ing  of the transport m echanism s and pathw ays. In the 
Australian region no such studies exist and modes of long-distance dust 
transport are inferred from two sets of observations; falls of dust and red 
rain in New Zealand and the distribution of 'aeolian' minerals in surface 
sediments of the South Pacific. Neither type of information is ideal or 
complete and this ignorance of transport m echanism s presents a real 
problem in interpreting the averaged record of dust deposits over historic as 
well as prehistoric time.
2.2.1 Modern Long-Distance Dust Transport Events
Dust from Australia has been recorded several times in New Zealand (see 
(Glasby, 1971; Healy, 1970; Knight, 1990; McTainsh, 1989)) usually in the 
form of 'red rain' or as red dustings on snow-patches and glaciers. In some 
cases the timing of the falls has been related to weather conditions and 
specific dust-raising events in Australia (Healy, 1970; Knight, 1990) and the 
mode of transport inferred from the constraints of those associations. 
Generally the dust deposited in New Zealand is rained out and is therefore 
thought to be transported by mid or upper tropospheric winds rather than 
by low level w inds associated directly with the cold fronts. Atmospheric 
dust concentrations of dust at Norfolk Island are greatest in summer, 
reflecting seasonal dust-raising on the continent, however the transport 
path is unknown (Prospero et al., 1989).
The exact m ode of long-distance transport of A ustralian dust is still 
unknown. Low level dust clouds have been observed over Tasmania and 
by ships hundreds of kilometres from the east coast (Loewe, 1943) but not 
over New Zealand, according to Healy (1970). Healy argued for jet stream 
transport of dust, at least in the case of the 1928 event, on the grounds that 
transport time between Australia and New Zealand was only 24 hours and 
that the tight d istribution of dust rain-out could best be explained by 
concentrated flow, m ost likely in the jet stream. The timing of events 
described by Healy involves some interpretation of meteorological records
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beyond the detail actually recorded. As a counter-example, the front 
associated with the February 1983 Melbourne dust storm had passed New 
Zealand w ithin 24 hours of smothering Melbourne (figure 2.4), removing 
the necessity of the jet stream argument, even if not disproving it. In the 
1983 storm there is no record of low level transport of dust to New Zealand. 
Analysis of satellite images of Atlantic and Pacific transport events shows 
that dust is fairly concentrated over thousands of kilom etres in mid- 
tropospheric flows (Carlson and Prospero, 1972; Hirose et al., 1983; Prospero, 
1981) with little tendency to disperse laterally. Healy's argum ent for jet 
stream  transport, on the grounds of an exclusive ability to explain the 
observations, can not be supported, but jet stream transport may still be 
effective.
The dust storm of February 1983 provides a good example of the role of the 
jet stream  in Australian dust events. During the event (figure 2.4) wind 
trajectories betw een Australia and New Zealand appear to have been 
shortest for surface winds and progressively longer for higher, faster winds. 
On the basis of this example, and that of Healy (1970), it is dangerous to 
generalize, but there does seem to be a common pattern of a jet stream 
standing wave increasing in amplitude with the passage of the low pressure 
cell below Tasmania such that the jet stream between Australia and New 
Zealand deviates well to the south. The northerly jet is more direct but may 
be too far north to capture raised dust or deposit it in the New Zealand 
region.
As noted above, and by other authors (Jackson et al., 1973; Liu et al., 1982), 
the areas of maximum wind in the lower and m id-troposphere are often 
associated w ith the jet stream s above, as dow nw ard a n d /o r  laterally 
transla ted  extensions of the isotach 'bulls-eye' of the jet. This was 
apparently  the case in the February 1983 event over southern Australia 
where the jet stream core at 200 mb was located hundreds of kilometres 
from the area of dust raising but at 500 mb the maximum wind belt, an 
extension of the jet system, passed over Bass Strait close to the dust source 
area, crossed the position of the cold front and continued across the Tasman. 
Jet-related lower-level transport certainly seems likely to occur in this 
scenario (Jackson et al., 1973) and may be significant as a transport path. 
Unlike direct frontal transport, the potentially faster m id-troposphere 
transport path may be less prone to rain-out and fast enough to transport 
even large grains long distances (Glasby, 1971).
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Wilkniss et al. (1974) traced two dust transport events from Australia. The 
first event transported dust in a nortward arc from southeastern Australia 
to the shipboard monitor at 35°S 170°W taking 6-7 days. The trajectory of 
the second event was traced backward from McMurdo Base in Antarctica to 
the South Island of New  Zealand, the southern  Tasman Sea and 
southeastern Australia taking 4 days. Both trajectories were m apped at the 
700 mb level and illustrate the great potential for dust transport by lower 
tropospheric winds, especially in the south.
2.2.2 Aeolian Mineral Distribution
The distribution of minerals in surface sedim ent samples from the South 
Pacific and Indian Ocean has been used to infer dust transport paths and 
mechanisms (McTainsh, 1989; Thiede, 1979; Wasson, 1987; W indom, 1975). 
In the Pacific the kaolinite and illite distributions form bands extending 
across the tem perate latitudes, decreasing in concentration away from 
Australia, and have been interpreted in terms of transport by westerlies 
from Australia and, to a lesser extent, N ew  Zealand (W indom, 1975). 
Modern quartz distributions are less compelling but do tend to support the 
model (Thiede, 1979). The distribution of the same minerals in the Indian 
Ocean (summarized by McTainsh, 1979) is less easily explained by aeolian 
input via the 'northwest dust path'. Either aeolian contributions are low or 
other m echanism s are relatively more im portan t in supply ing  these 
minerals to the eastern Indian Ocean.
Oxygen isotopes of quartz grains and bulk sediment chemistry of southwest 
Pacific marine sediments, New Zealand glacial 'dust bands' and soils from 
Australia and New Zealand were used in two studies (Mokma et al., 1972; 
W indom, 1970) to identify aeolian material and infer transport paths and 
mechanisms. In this last point, Mokma et al. (1972) seem to have followed 
the convention of the time in accepting jet stream  transport, since their 
original data do not allow any insight into the transport mechanism. 
However their work does support transport in the zone of the westerlies.
The distribution of quartz  in sedim ents of the last glacial maximum 
(Thiede, 1979) (figure 2.6), apart from palaeoclimatological implications, has 
been used to infer jet-stream transport of dust to the southw est Pacific, 
largely because of the perceived similarity of the pattern to modern winter
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jet stream paths (Wasson, 1987). Traces of the jet stream path over even 
short periods (figure 2.4) show that the well defined band of high quartz 
concentrations is unlikely to have been caused by the wandering jet streams 
alone. Although there is a strong likelihood that modern and ancient jet 
stream paths may have differed there is too little information associating 
m odern jet streams with dust transport to use past 'dust' distributions to 
either infer changes in the path or the nature of ancient dust transport.
W ithout direct observation, most likely by satellite tracking, there can be no 
resolution of the problem of long-distance dust transport from Australia. 
Various observations do indicate that dust is transported  east from 
A ustralia at higher latitudes (30°-40° S) and less commonly at lower 
latitudes, possibly thousands of kilom etres across the Pacific. The 
observation of dust clouds over Tasmania and the western Tasman Sea, but 
not New Zealand indicate that transport in the mixed layer of the lower 
troposphere  is significant up to several hundred  kilom etres from 
Australia's coastline. Beyond that zone higher level transport is probably 
most im portant, although the exact altitude rem ains unknow n. No 
observations of jet stream transport have been m ade and until more is 
known it seems safest to assume mid-tropospheric transport, as is the case 
in all well known systems, by possibly jet-stream-related winds. The actual 
meteorological conditions at the time of dust events may represent a typical 
pattern of summer weather but they are extreme events and not necessarily 
representative of prevalent conditions during the summer. This distinction 
should be borne in m ind when interpreting records of long-distance 
transported dust.
2.3 Nature of Australian Dust
2.3.1 Modern Australian Dust Falls and Dust Fluxes
The few estimates of dust accession rates in Australia are based largely on 
collections made after major dust storms, and likewise estimates of flux of 
dust to New Zealand. These estimates, of quantities of dust deposited after 
individual events and fluxes of dust over longer periods, are summarized 
in table 2.1. For convenience standard metric units have been used and in 
addition, for the dust flux figures, the units utilized in deep-sea sediment 
studies (g /cm ^/ky) have been shown.
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Individual events show great variability (e.g. the 1968 event recorded for 
both Canberra and Mt Kosciusko) and between events there is a variability 
of at least four orders of m agnitude, in Australian examples, with no 
suggestion of a trend across the Tasman in this small sample. There is some 
danger of overestimating dust fluxes from very large dust storms, even if 
they may be prominent in long-distance dust transport. Dust accession rates 
near Adelaide (Tiller et al., 1987) over the non-drought period 1978-80, are of 
a similar order to the individual storm fluxes. Tiller et al. noted that 'the 
occasional severe storm  could contribute about half (the annual) rate’. 
W indom ’s (1969) estim ate of long-distance dust flux to New Zealand is 
much lower than the Australian figure and it is tem pting to suppose that 
this is evidence for a downstream  decline of dust flux as described by 
Tsunogai et al. (1985) for the N orth Pacific. On the basis of one estimate
from each area w ith no data on 
tenuous, but encouraging.
Table 2.1
latitudinal variation the case is very 
M o d em  D u st Fluxes
Dust Storms Dust Fluxes
Site Amount Site Amount
Melbourne^, 1903 132 (t/km2) Adelaide6, 1978-80 5-10 (t/km2/y)
Melbourne2, 1983 10.6 (t/km2) (0.5-1.0 g/cm 2/ky)
Kosciusko^, 1968 19.5-170 (t/km2)
Canberra ,^ 1968 0.03-0.6 (t/km2)
New Zealand^, 1928 3-30 (t/km2) New Zealand glaciers2 1.2 (t/km2/y)
Queensland to N.Z .5 1.7x106-3x106 (t) (0.12 g/cm 2/ky)
1987
References. 1; Chapman and Grayson (1903), 2; Lourensz and Abe (1983), 3; Walker and 
Costin (1971), 4; Marshall and Kidson, in Glasby (1971), 5; Knight (1990), 6; Tiller et al. 
(1987), 7; Windom (1969).______________________________________________________
Monitoring of dust concentrations over a four year period at Norfolk Island 
(Prospero et al., 1989) and at islands to the north showed increasing average 
and sum m er dust concentrations with latitude away from the equator. 
Highest concentrations were m easured in the extreme north of the North 
Island of New Zealand over 3 months in winter. However, the coarseness
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of the dust (see below) collected in the New Zealand experiment is strongly 
suggestive of local contamination (Prospero et al., 1989).
2.3.2 Size of Modern Australian Dusts
There is little satisfactory information on the size distribution of Australian 
dusts. Estimates from individual dust falls in Australia include;
Melbourne, 1903 (Baker, 1959), 0.5 - 100 microns
Kosciusko, 1968 (Walker and Costin, 1971), median 4 microns, mode 1 - 30  
microns
Canberra, 1968 (Walker and Costin, 1971), median 4 microns, mode 2 - 1 6  
microns
Queensland, 1987 (Knight, 1990), median? 6.75 - 10.5 microns
Windom's data from dust in New Zealand snowfields contained 2 modes in 
most minerals, one at approximately 4 microns and one between 20 and 40 
microns. On mineralogical evidence Windom (1969) called the finer mode 
'global' dust, predominantly from Australia, and the coarser mode was 
argued to be of local origin. Median sizes of 10-13 pm found in a 
monitoring experiment in the extreme north of the North Island, over 
winter and not including 'extreme' events, were thought to show local 
contamination (Prospero et al., 1989). Glasby (1971)) reviewing the literature 
on the 1928 dust storm, records that for dust reaching New Zealand most 
grains were less than 40 microns and some were up to 80 microns in 
diameter. From such scant evidence no patterns can be read, however it is 
apparent that there is great variability, as one would expect considering the 
relatively short distances involved (Betzer and al., 1988).
2.3.3 Mineralogy of Modern Australian Dusts
Quartz is the dominant mineral of dusts deposited in Australia and New 
Zealand, comprising the bulk of dust deposited in Melbourne in 1903 
(Chapman and Grayson, 1903) and the bulk of the silt (42% of total) and 1- 
5% of the less than 2 micron fraction of dust deposited on Mt Kosciusko in 
1968 (Walker and Costin, 1971). Quartz made up between 18-22% (Mokma 
et al., 1972) and 29% of 'global' dust in New Zealand glaciers (Windom, 
1969).
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Clay sized particles formed 37% of the Kosciusko dust. Illite, kaolinite and 
interstratified clays were recorded, in decreasing order of abundance 
(Walker and Costin, 1971), in general agreement with New Zealand dusts 
(Windom, 1969). These results agree well with inferred aeolian distribution 
patterns of illite and kaolinite in the South Pacific (Windom, 1975).
Minor constituents of the Australian dusts include orthoclase and sanidine, 
augite, olivine, rutile and zircon (Chapman and Grayson, 1903) although 
some of these, especially augite and olivine, may be evidence of local 
contamination. The absence or low occurrence of feldspars in Australian 
dusts (Chapman and Grayson, 1903; McTainsh, 1989; Walker and Costin, 
1971) is at odds with W indom's (1969) inclusion of 19% feldspar in the 
'global' dust component of New Zealand glaciers. Australia is an unlikely 
source of large quantities of feldspar because of the intense weathering 
regime. The fine feldspar in the New Zealand glaciers, and the fine chlorite 
as well, are likely to be local contaminants.
Ferric iron and iron minerals have been reported from most dust falls, 
comprising from 1-8% of the dust, either as a constituent of the fine fraction 
or as coatings on larger grains (Chapman and Grayson, 1903; McTainsh, 
1989; Mokma et ah, 1972; Walker and Costin, 1971). Walker and Costin 
detected haem atite/goethite using XRD while Chapman and Grayson, from 
microscopic analysis, reported limonite.
Other minor constituents of dust are organic fragments and products, for 
example diatom s, sponge spicules and phytoliths (Baker, 1959). Organic 
m atter formed only 0-3.5% of Kosciusko dust (Walker and Costin, 1971). 
Calcium carbonate, dissolved in rain water, is also an aeolian product 
(Hutton, 1982) but is not recorded in most dust collections. The quantitative 
importance of calcium carbonate, or indeed its role in cementing aggregates 
is thus very hard to estimate.
2.3.4 Properties of Australian Dust Deposits
A num ber of dust deposits have been recognized in southeastern Australia 
since the 1950's (Butler, 1982) and in addition a variety of dune forms have 
been recognized. A common feature of both types of deposit is the 
occurrence of clay aggregates, or pellets (Bowler, 1973; Chartres, 1982; Dare-
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Edwards, 1982; Dare-Edwards, 1984; Sleeman, 1973) containing a mixture of 
clay minerals, skeleton grains (quartz) and cements. These also occur in 
modern lake deflation deposits (Sleeman, 1973) and their micromorphology 
is consistent with formation from surface crusts on the drying lake floor 
(Dare-Edwards, 1982). The occurrence of clay pellets in aeolian mantles long 
distances from playa lakes as well as in lake-bordering clay dunes (Dare- 
Edwards, 1984) suggests both that lake deflation may have been an 
important source of dust in the past and that much of the clay-sized 
material was transported in aggregates. Sleeman (1973) found pellets in the 
size range 0.13-0.36 mm in modern material and of median diameter 0.2 
mm in dunes. Chartres (1982) reported pellets in the size range 0.05-0.25 
mm in a deposit north of Broken Hill while Dare-Edwards (1984) suggested 
that the median size of pellets in clay dunes was 0.25 mm. Most of the 
larger aggregates are probably too coarse for long-distance transport, but the 
finer aggregates are of a similar size to Australian dust occasionally 
deposited in New Zealand (Glasby, 1971).
As discussed in the first chapter, clay aggregates are unlikely to be accurately 
recorded in particle-size analyses after careful dispersion in the laboratory. 
Particle-size distributions of modern Australian dusts, reviewed above, 
should be interpreted cautiously in view of the possible importance of large 
clay aggregates.
2.4 Suitability for Palaeoclimatic Studies
To interpret the record of dust in marine sediments from near Australia it is 
necessary to understand the factors controlling variability of the dust record. 
There are four characteristics of the dust record which are readily studied; 
spatial distribution, mineralogy, size and flux. These are discussed below in 
terms of the potential of each to record climatic variations.
2.4.1 Spatial Distribution
Without doubt the zonal circulation pattern controls the distribution of 
dust in marine sediments surrounding Australia. The southeast dust path 
described by Bowler (1976) is well known from records of modern dust falls 
in New Zealand (Glasby, 1971) and is a summer transport system in the
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zonal westerlies. Because the meteorological conditions which give rise to 
major dust transport events are extreme, the source area for the southeast 
dust path extends into the area usually in the zonal easterlies and the path 
itself, averaged over some time, also extends north into the tropics (Knight, 
1990). Because entrainm ent and some transport is achieved by the passage 
of cold fronts in the zone of the westerly winds the distribution of dust 
reflects the zone affected by the cold fronts as well as the extent of the upper 
level zonal westerlies which are likely to be the major long-distance 
transporting winds.
The m odern distribution of aeolian minerals in the South Pacific (Thiede, 
1979; Windom, 1975) suggests some dispersal of dust leaving Australia, and 
spreading to the south in particular, thus relative concentration of aeolian 
dust does not appear to be a likely indicator of changes in the extent of the 
source area in Australia, but does seem to mark the boundary between zonal 
easterly and westerly flow. The latitudinal variation in dust flux may reveal 
information on the position of the major transporting winds, but this is 
poorly known from m odern studies and is an area requiring investigation, 
probably best done from deep-sea sediments.
2.4.2 Mineralogy
The m ineralogy of A ustralian dust is so poorly understood that it is 
impossible to differentiate between different source regions or landforms. 
McTainsh (1989) has begun investigation of m odern dusts on a systematic 
basis which may eventually allow source-area identification. There is some 
evidence that kaolinite may be more common in dust from northern 
Australia, reflecting the tropical weathering environment (Windom, 1975).
Presently spring and summer entrainm ent and dust transport characterize 
the A ustralian landscape and dust is derived from all areas under the 
westerly circulation and beyond. Under a scenario of greater winter frontal 
activity and more effective entrainm ent in the north of A ustralia, the 
'average' dust mineralogy could reflect more the mineralogy of the new 
source area. Presently there is no way of assessing the likelihood of such an 
outcom e.
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W ithin the arid area of Australia there are landform s of contrasting 
sedim ent type, for example the clay-rich playas, quartz-rich dunes or 
authigenic suites of some of the large lake basins. In the past these 
landscape elements have had different levels of activity (Wasson, 1987) and 
as sources of dust their changing relative contributions could conceivably 
have altered the composite dust mineralogy. This is one problem in the 
interpretation of changes in the relative flux of one mineral in the sediment 
record (Thiede, 1979) as a record of dust flux and thence past climates.
The major constituents of Australian dust; quartz, illite, kaolinite and 
haem atite/goethite (Walker and Costin, 1971) are not likely to have other 
major sources in the pelagic deposits of the southwest Pacific, except New 
Zealand (W indom, 1975). Isolation of those m inerals from pelagic 
sedim ents should  enable quantification  of d ust fluxes w hich are 
independent of changes in mineralogy resulting from changing source area 
or activity of landscape units.
2.4.3 Particle Size
The assum ptions necessary for the interpretation of aeolian grain size in 
terms of wind strength are firstly that supply does not limit particle size and 
secondly that size of the air-borne particles can be accurately measured. In 
addition, where deposition is by fall-out (gravity settling of grains) 
assumptions regarding the height, thickness, cross-section and turbulence of 
the transporting flow are necessary (Parkin, 1974; Parkin and Shackleton, 
1973; Sarnthein et al., 1981; Schutz et al., 1981). Further from source, where 
unsupportable grains have all been removed, grain size should provide a 
record of turbulence in the transporting flow. Obviously interpretation of 
the grain-size record at a site requires some knowledge of the m ode of 
deposition and transport as well as the nature of the dust at source.
In Australia it is not possible to make any of the above assumptions with 
sufficient certainty, based on present knowledge. Assumptions about flow 
geometry would be unsupportable, given the lack of direct evidence for the 
mechanism of long-distance transport. Potentially the greatest problem for 
interpretation of the size record is the likely high degree of clay aggregation 
in Australian dusts. The size distribution, or any feature of it, are unlikely 
to reveal meaningful information if a significant proportion of the dust is
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clay which has been transported as aggregates and then dispersed. As a 
consequence, reconstructions of wind strength, based on the proportion of 
quartz in sediments as an indicator of the coarse end of the size distribution 
and hence the relative size of the dust (e.g. Thiede, 1979), are invalid if clay 
aggregates are quantitatively important. There is also no measure of the 
limits supply may have on dust size, although given the large size of the 
source area and the variety of materials in it, it is probable that erosive 
winds are able to transport at the limits of competence.
Accounts of dust falls in the Tasman Sea and in New Zealand indicate that 
dust transported across the Tasman is carried by mid to upper troposphere 
winds and that dust is deposited by fall-out and rain-out. In this zone size 
may provide a record of wind speed if turbulence is relatively unimportant. 
Presently it is not possible to say with certainty whether that is the case in 
trans-Tasman transport. In the first instance we may conjecture that, 
because of the relative proximity of the source area, fall-out is the dominant 
mechanism. In this case, notw ithstanding the previous qualifications, 
modal grain size or some expression of the coarseness of the distribution (if 
representative of the wind-transported load) will be the best proxy of wind 
strength.
2.4.4 Dust Flux
From the discussion above, it is apparent that dust entrainm ent in Australia 
is limited by 'supply' factors, erodibility of the soil and erosion hazard of the 
surface, as well as 'transport' factors. At present both supply and transport 
are seasonally limiting, resulting in summer maxima of dust phenomena. 
Supply factors also respond to short term climatic variability (Yu et al., in 
press) affecting both the frequency of events (the num ber of w inds which 
are successful in raising dust) and m agnitude (the am ount of dust 
transported). The flux of dust from Australia to the southw est Pacific 
should respond to changes in both supply and transport since supply 
controls the amount of material available for transport and wind conditions 
the amount able to be carried and the distance falling grains are transported.
In previous studies size has been used to decouple the transport controls, 
while assum ing flux to be independent of transport control. In the 
Australian region particle size may not be a suitable proxy for wind strength
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and so to interpret the flux record it is necessary to find a way of unravelling 
supply and transport controls. By using down-wind transects, discussed in 
chapter 1, along a gradient of dust flux it may be possible to achieve this 
separation. The two estimates of dust flux available, one on either side of 
the Tasman (Tiller et al., 1987; W indom, 1969), give some tentative 
evidence that the down-wind transect approach may work in this setting. 
An advantage of this technique is that fewer specific assumptions about the 
transport mechanism are needed making it more suitable for the Australian 
area, given our relatively poor knowledge of the modern dust transport 
system.
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Chapter 3 Tasman Sea Sites and Sam ples
3.1 Core Location
3.1.1 Spatial Sampling Strategy
Cores were chosen according to the following criteria;
1. That the suite of cores is adequate for characterization of the dust 
transport path (chapter 2).
2. The suite of cores is sensitive to spatial and temporal change: therefore 
two transects were desirable; a longitudinal transect to detect latitudinal 
gradients and shifts in the dust path and a downwind transect capable of 
detecting changes in dust flux resulting from source area as well as transport 
variations (chapter 1).
3. That 'gaps' be filled, especially in the southern Tasman where Thiede 
(1979) had no records of past conditions.
Ultimately these aims were compromised by the availability of cores for 
sampling and the suitability and quality of particular cores. The quality of 
cores depends not only on the condition of the raised core (preservation of 
the sediment surface, compaction, sucking etc. being considered) but also on 
the integrity of the sediments at the site. The factors limiting sediment 
integrity are discussed below.
Initially the area of interest was determined largely by reference to the work 
of Thiede (1979) and Windom (1975). Both these studies apparently confirm 
the dust transport paths proposed by Bowler. Dust from Australia is 
transported  by two general pathw ays; one, to the northw est, in the 
tradew ind belt, and a second, to the southeast, in the zonal westerlies 
(Bowler, 1976; Sprigg, 1982). The southeast dust path, discussed in chapter 2, 
is poorly understood in detail but is frequently confirmed by large dust
67
storm s today. Quartz, kaolinite and illite concentrations in southwest 
Pacific sediments all increase markedly south of 20°-25° S, in the path of the 
zonal westerlies. Therefore cores in the area south of 25° S in the Tasman 
Sea were considered for this study.
3.1.2 Integrity of the Tasman Sea Sediment Record
In chapter 1 four factors were discussed which lead to loss of information or 
resolution in the sedim ent record; chemical dissolution, alteration, 
contamination and disturbance. The two latter factors are probably the most 
serious but can also be overcome, to a certain extent by careful choice of core 
sites. Specifically, the sources of contamination and disturbance considered 
when choosing suitable cores for study were; 
contamination by fluvial detrital input
turbidite input 
hemipelagic input 
ice-rafted debris input 
volcanic input
disturbance by bottom currents
bioturbation
The distribution of these phenomena in the Tasman Sea is discussed below. 
Cosmic detrital flux is presumed to be constant and relatively unim portant 
in terms of sediment volume and is not discussed.
Fluvia l  D e t r i t a l  I n p u t
W ith the exception of the relatively high discharge rivers of the South 
Island of N ew  Zealand, there are no major rivers bringing significant 
quantities of sediment to the Tasman Sea. The east coast of Australia, in 
particular, is sediment starved (Jenkins, 1984) and fluvial input to the shelf 
and slope over millions of years has been insignificant. The New Zealand 
rivers m ay be more effective in transporting sediment to the continental 
shelf but are unlikely to transport sedim ent great distances from shore 
directly, even in major flood events. Turbidites and subm arine fans are 
more im portant in the transport of material into the ocean basins and set 
the outw ard limits of continental detrital influence.
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Turbidite Input
Turbidite fans in the Tasman Basin have been m apped from shipboard 
seismic profiles and some gravity core analyses. Turbidite fans along the 
east Australian margin are areally restricted (fig. 3.1) and elongated, possibly 
the result of 'smearing' by currents (Jenkins, 1984). The age of the deposits 
cannot be determined from seismic profiles, but out of caution are assumed 
to be presently accum ulating. The distal range of the turbidites was 
estimated by Eade and van der Linden (1970) from examination of cores in a 
transect from the Australian coast to the Norfolk Ridge (32°-33° S). They 
concluded that the subm arine D am pier Ridge form ed an effective 
topographic barrier to turbidites derived from the Australian margin. These 
results were used to define a zone of likely distal turbidite contribution in 
the western Tasman Basin (fig. 3.1), which includes the Tasman Abyssal 
Plain.
Turbidites from New Zealand are much more extensive (Jenkins, 1984; 
1992), occupying a large section of the southeast Tasman Basin, and are fed 
by large subm arine canyons from the shelf of the South Island (fig. 3.1). 
These turbidites have, historically, been rebuffed by bottom currents which 
may have acted to restrict the area of influence of distal deposition. The role 
of New Zealand turbidites in the New Caledonia and Norfolk Basins is 
unknow n, but m ust be significant at least in the proximal areas of both 
basins.
Seismic profiles of parts of the Lord Howe Rise (Jenkins, 1984) reveal 
channel dissection of the flanks. This is apparently due to density-flow of 
loosely packed, clay-poor sediments at even very low angles (Jenkins, 1984). 
Eade and van der Linden (1970) found evidence for supply of sediment from 
the top of the rise to core sites on the western flank. In light of these 
observations the flanks of the Lord Howe Rise were not considered good 
sites for recovery of intact sediment records.
Ice-Rafted Debris
Low concentrations of detrital material in Antarctic ice-bergs is consistent 
with a general lack of morainal features around Antarctica (Goodell, 1973). 
Icebergs, in general, are lim ited to the area south of the A ntarctic 
Convergence but do occur as far north as the Subtropical Convergence. 
Although the contribution of ice-rafted debris as far north as the southern 
Tasman Basin is therefore thought to be minor, cores south  of a line
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connecting the southern tip of Tasmania with the southern tip of New 
Zealand were not considered in this study (fig. 3.1).
Volcanic Contributions
Q uaternary rhyolitic volcanism in the southw est Pacific is lim ited to the 
central volcanic zone of the N orth Island of New Zealand (Nelson et al., 
1986) and tephras from New Zealand have been identified in some Tasman 
Sea cores (Froggatt et al., 1986; Nelson et al., 1986), although not in several 
cores from the Challenger Plateau (Ninkovich, 1968). Recognition can be 
difficult however, since rhyolitic tephras are colourless and often mixed 
with carbonates. In general the westerly circulation which dom inates New 
Zealand's climate should act to distribute tephras to the east. Large 
eruptions may eject ash into the stratosphere where easterly winds carry it 
over the Tasman Sea (Nelson et al., 1986). Altered tephras, or 'green 
laminae', are relatively common in Lord Howe Rise Cores (Gardner et al., 
1986), especially in the Miocene. The tephras were probably not rhyolitic but 
probably derived from the andesitic volcanoes of the Kermadecs and 
V anuatu.
Other Q uaternary volcanic centres, for exam ple eastern A ustralia, are 
basaltic and have only very localized ash layers. Submarine volcanism is 
largely confined to the Southeast Indian Ridge between A ustralia and 
Antarctica. To the north, island arc volcanism becomes significant but in 
the area under consideration is probably unimportant.
Tasman Sea sediments are, therefore, relatively low in volcanics although 
they do receive ash from relatively infrequent major eruptions in the 
central volcanic zone of New Zealand.
Bottom Current Reworking and Hemipelagic Deposition 
There is compelling evidence from seismic profiles that bottom  currents 
affect the distribution and accumulation of sediments in the Tasman Sea. 
The most obvious and dramatic examples are at the southern margin of the 
Tasman Basin where basem ent has been exposed over large areas (Jenkins, 
1992). The erosion of sediments in this area was apparently initiated in the 
Eocene or Oligocene and m odern bottom water currents are not thought to 
be as erosive, according to Jenkins. Disconformities in the sediment record 
were recognized by Watkins and Kennett (1972) and in the Brunhes chron 
sediments south of 45° S in the Tasman Basin by Osborn et al. (1983). The
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agent of this erosion is assumed to be antarctic bottom water (AABW) which 
enters the Tasman Basin in the southeast, through fractures in the m id­
ocean ridge associated with the Macquarie Ridge (Rodman and Gordon, 
1982). AABW is also thought to be responsible for channels in bottom 
sediments of the central southern Tasman Basin (Jenkins, 1984), which may 
be m ore recent than the southern erosion episode. These channels, 
indicating flow from the southeast of the basin to the northwest, along the 
Australian margin and then returning along the eastern margin of the basin 
(fig. 3.1), are consistent with probable AABW-origin water body motions 
detected in a m odern hydrographic transect of the Tasman Sea (Mulhearn, 
1985). There is also seismic evidence for localized channelling on the crest 
of the Lord Howe Rise (Jenkins, 1984), probably from deep water channelled 
through the Bellona Gap (fig. 3.1).
Along the east A ustralian m argin abyssal current meters have recorded 
velocities up to 20 cm s '1 (Mulhearn et al., 1986; Mulhearn et al., 1988) during 
the passage of warm-core eddies in the East Australian Current (EAC). The 
strength of the currents apparently decreases rapidly away from the coast, at 
least over the short period of the metering experiment. These velocities 
may be sufficient to entrain sediment, and certainly to suspend it, raising the 
possibility of extensive reworking of sediment in the area beneath the EAC 
and redeposition to the east. Indirect evidence for this is the thinness of 
sediments on the abyssal plain, in the order of ten metres since the Eocene 
(Keene and Bai, 1992). The EAC is characterized by eddies travelling 
southward along the Australian coast and the area beneath the zone of high 
eddy energy (Morrow et al., 1992) was recognized as an unsuitable area for 
the present study (fig. 3.1).
C u rren t-sm o o th ed  sed im en ts are m ore w idesp read  than  strong ly  
channelled areas (Jenkins, 1984). Current-sm oothing redistributes settling 
particles to produce, ultim ately, a smooth sedim ent topography over an 
irregular basement topography. Although early current-smoothing is most 
likely to alter the local sedimentation rates resulting from uniform pelagic 
fluxes, continuing redistribution on an already smoothed surface may act to 
d isto rt true  pelagic flux rates. Bedforms revealed by underw ater 
photography may help to locate areas of sediment reworking but the real 
extent of the phenomenon in late Quaternary sediments is unknown and is 
here recognized as a potential problem of unknown importance.
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The counterpart of sediment erosion by bottom  currents is hemipelagic 
transport and deposition. Several large sedim ent drifts have been 
recognized in the Tasman Basin (Jenkins, 1984; 1992) where topographically 
confined flows emerge into larger basins (fig. 3.1). Since sediment drifts are 
essentially accumulations of reworked, and concentrated, material from a 
wide area they are unsuitable for the calculation of pelagic flux rates at a site. 
However, their higher accum ulation rates may make them useful for 
isotopic studies of palaeoceanography, for example. A less obvious form of 
hemipelagic depostion was recognized by Jenkins (1984) from seismic 
profiles as thickened, current-sm oothed bedding neighbouring erosion 
channels. Sediment excavated from the channels has been dum ped in 
nearby areas as velocity decreases away from the main flow. Likewise 
material suspended by eddies in the EAC is bound to have settled over 
nearby areas of seafloor, contam inating the pelagic record and locally 
increasing the sedimentation rate.
Bioturbation
The intensity of bioturbation is inversely related to the sedimentation rate 
(Guinasso and Schink, 1975), assuming faunal mass is constant, and so cores 
from areas of high sedimentation rate are desirable. There are two specific 
advantages to cores w ith high accumulation rates; the original signal 
should be preserved with minimal muting, or loss of amplitude, and finer 
sampling interval should allow greater 'real' resolution of high frequency 
signals. For the purposes of this study cores in which the accumulation rate 
equals the pelagic sedimentation rate are desirable and therefore the highest 
accum ulation rate sed im ent d rift bodies, or sites of hem ipelagic 
sedimentation, were avoided where possible.
Accumulation rates in the Tasman Basin, over the entire Quaternary, were 
derived by W atkins and Kennett (1972) from palaeom agnetic studies. 
Overall sedim entation rates were found to increase rapidly northw ard in 
the Tasman Basin, although rates for southern cores are low because of 
erosional lacunae. Cochran and Osmond (1976) estim ated sedim entation 
rates of Tasman Sea cores from down-core gamma activity ratios. They 
concluded that sedimentation rates varied greatly over short distances and 
that bottom current reworking was a significant process over large areas. I 
have some concerns over the reliability of the study, for example depths 
seem to have been inaccurately converted from fathoms to metres (their fig. 
11) (critical in establishing Th production rates and excess Th accumulation
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rates) and some cores have sedimentation rates significantly different from 
palaeomagnetically or isotopically derived sedimentation rates. While their 
estimates of sedim entation rates for E39.72 and E26.4 are in quite good 
agreement with isotopic and palaeomagnetic estimates, E39.75 (0.43 cm /ky, 
gamma; 1.47 cm /ky, 5180 ) and E26.3 (0.80 cm /ky, gamma; 1.48 cm /ky, see 
chapter 4) are greatly at variance. I have not used these estim ates of 
sedimentation rate in the following treatment of these cores.
Core descriptions available for all Eltanin cores show that most areas of the 
deep Tasman Basin are low in carbonate and it is this dissolution which is 
critical in reducing net sedimentation rates over large areas of the basin. As 
a rule, bioturbation is expected to be more intense in low-carbonate cores, 
because of the low sedimentation rates. Areas of high productivity a n d /o r 
carbonate preservation  are preferable because of the high resu ltan t 
sedimentation rates and consequent lesser disturbance.
Summary of Suitable Sites
The main areas and sources of sediment disturbance are sum m arized in 
figure 3.1. In addition, other general or unknown sources of disturbance or 
contam ination are volcanic input, current sm oothing and hem ipelagic 
sedimentation. The best quality records are likely to be from (in order);
1. The Lord Howe Rise and Challenger Plateau. Bearing in m ind localized 
channelling, transport on the flanks of the rise and unknow n curren t­
sm oothing  effects, the isolated, high p lateau  w ith  high carbonate 
preservation is an excellent site for study.
2. Norfolk Ridge. Potentially good site, little information, no cores?
3. New Caledonia Basin. Possible sediment contributions from the flanks of 
the Lord Howe Rise and Norfolk Ridge, although seismic profiles do not 
indicate this as important. Good carbonate preservation.
4. Central Tasman Basin, north of 47° S. Some areas appear to be unaffected 
by current reworking but all areas are low in carbonates and therefore have 
low sedimentation rates and potential dating problems.
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Figure 3.2 Location of Core Sites
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3.1.3 Location of Cores Used in this Study
The cores finally selected for the project are shown in figure 3.2. Six cores lie 
on North-South transect about 160° E. These cores are of different length, 
water depth and source but extend from the centre of Thiede's putative last- 
glacial dust plum e at 27° S to 45° S in the southern Tasman Sea thus 
spanning the latitudinal extent of the dust path. In addition two cores, one 
from the eastern Tasman and one from the western Tasman, were sampled 
to provide more spatial coverage and a down-wind transect. Core details are 
summarized in table 3.1.
Cores were obtained from three sources; Eltanin cores were sampled at the 
Antarctic Research Facility, Department of Geology, Florida State University. 
The Sonne core was sam pled at the A ustralian  Geological Survey 
O rganization, Canberra, and Cook cores at the Ocean Sciences Institute, 
Sydney University. All the cores had been held in cold storage since 
collection, or until several days before in the case of the Cook cores, and 
were in generally very good condition. In addition to direct sampling from 
the cores, some original palaeomagnetics samples from the Eltanin cores 
were obtained. These samples were dry, but still cold-stored.
The Eltanin cores were quite old when sampled, having been collected in 
the late 1960's to early 1970's. There is some concern that the oxidizing 
environm ent of the atm osphere could alter some aspects of the core 
chem istry or m ineralogy. Sulphide-bearing sedim ents, indicative of 
reducing conditions, m ight be expected to be the most susceptible to 
alteration but these were not present in any of the fresh cores. Other, more 
subtle, alteration could conceivably have occurred and this is of particular 
im portance for m ineral magnetic interpretation. However, all the cores 
were in excellent condition, having been carefully curated, and with rare 
exceptions showed no signs of cracking and contraction which would make 
allocation of depths difficult. Descriptions and details of these cores are 
recorded in Goodell (1968) Frakes (1971) and Cassidy et al., (1977). With the 
exception of palaeom agnetic sam pling the cores were still largely intact, 
including core tops for the piston cores but not for the trigger cores. 
Sampling is discussed below, with core descriptions.
The shorter gravity cores from the Lord Howe Rise and New Caledonia 
Basin were much more recent, and also in very good condition. They are
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described in Baker et al. (1988) and Kudrass et al. (1985). The Sonne core (SO- 
36-61) was taken on 3 /5 /8 5  (at 7.47 a.m.!) and the Cook cores, C l/8 6  6GC3 
and C12/87 12GC9, on 1 /2 /86  and 17/9/87 respectively. As with the Eltanin 
cores there had been very little sam pling, only for bulk sedim ent 
descriptions at 30-40 cm intervals.
The benefit of using these unglamorous cores was the greater flexibility in 
sampling at finer intervals. DSDP cores, of comparable age in this area, are 
more heavily sampled, more in demand and more sparingly meted out. On 
the other hand, for the cores sam pled there is less site inform ation, 
sediment analysis, core description... and length! The most limiting of these 
is the lack of site information in the form of detailed bathym etry or seismic 
profiles. In addition, bathymetric charts of Eltanin vintage have now been 
greatly modified with the addition of new information.
After sampling had been completed the suitability of some of these cores 
was called into question. Particularly E39.72, which had appeared to be a 
very good core with reasonable carbonate preservation allowing a fairly 
continuous isotope chronology to 400 cm, strategic position in the southern 
Tasman Sea, complete recovery of the Brunhes Chron and a fairly high 
accumulation rate, was later reconsidered on the basis of its likely receipt of 
hemipelagic sedim ent carried by the abyssal currents related to the East 
Australian Current eddies. E39.72 was not used in the analysis of aeolian 
mass accumulation rates, but proved to be critical in understanding the 
mineral magnetic results and oceanic processes of the deep Tasman Basin. 
Cores E26.3 and E26.4 were very low in carbonates and although carbonate 
preservation peaks allow some age correlations to be made it is impossible 
to date these cores accurately enough for the calculation of high resolution 
accumulation rates. These two cores were used to calculate tentative, low- 
resolution mass accumulation rates (see chapter 4).
3.2 Down-core Sampling
There were two criteria in the down-core sampling strategy; span, or length 
of record to be studied, and resolution, or sampling intensity. In addition 
there were two practical constraints, other than availability of cores; the 
amount of material which could be handled in the course of the project and
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the limitations on sampling intensity imposed by the various laboratories 
and curators.
3.2.1 Length of the Record
There are both m inim um  and m axim um  practical time spans to be 
considered in the study of palaeoclim ates, or climate proxies. The 
minim um  length is determined by the range of climatic conditions to be 
investigated and their periodicity or variability. In the present study the 
long-term, Milankovitch-frequency climate changes were to be investigated 
and so the length of record desirable is therefore tens of thousands of years 
at least. Although the most extreme climate states of the glacial-interglacial 
cycle have occurred within the last 20 000 years, the full range of climatic 
states in the cycle is not represented w ithin that period (Bowler, 1976; 
Bowler and Wasson, 1984). Therefore a record of the full range of 
Australian conditions in the glacial cycle is the minimum length desirable. 
In an empirical study such as this, knowledge of antecedent conditions, 
from an extended record, is useful in understanding causal relationships 
and a strong reason for sampling at least the full glacial cycle.
There are several accounts of the Australian Quaternary which allude to the 
evolution or onset of aridity (Chen and Barton, 1991; Locker and Martini, 
1986; Locker and Martini, 1989; Stein and Robert , 1986; Wasson, 1987), at 
least partly on the basis of the ages of desert dunes. These studies suggest 
that dust flux to the Tasman Sea, if it records the degree of aridity, should 
provide an alternative record of the 'onset', or at least the development, of 
Australian aridity. Consequently, where possible the record of several 
glacial cycles was sampled.
Practically, the Brunhes/M atsuyam a boundary had also been identified in 
some of the longer cores, providing both a useful datum  for sedimentation 
rate calculation and a convenient cut-off point for sampling. The Brunhes 
chron, covering the last 734 ky (Imbrie et al., 1984) or 780 ky (Shackleton et 
al., 1990), includes eight glacial/ interglacial cycles and is long enough to 
satisfy the aims set out above.
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3.2.2 Sample Spacing and Resolution of Climate Changes
The aim of the sampling was to achieve fine enough time resolution to be 
able to resolve all of the M ilankovitch orbital periods. Obviously the 
precession period, with wavelengths of 19 and 23 ky (Imbrie et al., 1984), 
being the shortest is the most critical. The Nyquist frequency, the frequency 
higher than which a given sample spacing may cause 'aliasing' to a lower 
frequency, when restated as a period suggests that a m inim um  sam ple 
spacing is half the m inim um  period of interest. This is, however, not 
necessarily adequate to resolve the detail of the curve, only an absolute 
minimum. Shackleton et al., (1990) noted that the five substages in Stage 5 
of the isotope record, resulting from the precessional cycle, should be clearly 
visible in an accurate record. This is however not a criterion which can be 
used in the initial stages of sampling. Instead sedimentation rates based on 
palaeomagnetic interpretations of the Eltanin cores were used to generalize 
regional sedimentation rates and therefore time intervals between samples 
of set depth intervals.
Three Eltanin cores, E26.4, E39.72 and E39.75, included the B runhes/ 
M atsuyama reversal and average sedimentation rates were calculated as 
1.21, 1.77 and 1.09 cm .ky 'l respectively. It is reasonable to expect some 
variation around this figure, especially in deep cores where changes in 
carbonate preservation m ust have greatly affected ultim ate short-term  
sedim entation rates. Assuming a sedimentation rate of 1 cm .ky 'l, a 5 cm 
sampling interval gives a time interval of 5 ky and a 10 cm interval 10 ky. 
The longer interval is clearly borderline for resolution of the precessional 
signal and a 5 cm interval was followed where practical. Two practical 
considerations were very important; most laboratories regard 5 cm intervals 
as the m axim um  reasonable sam pling intensity. In fact their geological 
background encourages them to believe 5 cm intervals, or even 10 cm, is 
excessively close. Secondly, there was a practical limit to the total num ber of 
samples which could be handled in this study. In the end a compromise 
was reached; samples were taken at 5 cm intervals except for the bottom  
sections of E26.3, E26.4, E39.72 and E39.75 where a 10 cm interval was 
adopted and SO-36-61 which was sampled at 4 cm intervals. At the least the 
longer sampling interval was likely to be sufficient to reveal all the isotope 
stages in the Brunhes Chron.
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The samples themselves covered either 1 cm or 2 cm of the core, the latter 
in the case of palaeomagnetic cube samples. This corresponds to time spans 
of 1 and 2 ky respectively, at a sedimentation rate of 1 cm.ky'l. Bioturbation 
effectively reduces the resolution of the climatic signal in the sediment and 
it was decided that any finer sampling spits would not improve actual 
resolution. Palaeomagnetic cubes were used where possible both to cause 
minimum damage to the microfossils and, more importantly, to aid in 
calculation of the sediment dry bulk density by taking a known volume of 
sediment (see chapter 4).
3.3 Core Descriptions and Samples
The following core descriptions are based on published descriptions, notes 
made at the time of sampling, laboratory bulk carbonate determinations and 
microscope observations made on the coarse fraction. Over-reliance on the 
published descriptions meant that for most cores I did not record the 
lithology or colour in detail. In addition Eltanin cores were sampled under 
considerable time pressure, limiting the time available for core descriptions. 
Most of the published core descriptions are inadequate, with insufficient 
detail, and in some cases are inaccurate. The exceptions are the Cook cores, 
which are described graphically and in considerable detail.
The sediment classification used here is based on that of Dean et al. (1985) 
using the most reliable estimates of lithology available; the percentage of 
carbonate. For the sake of simplicity biogenic silica is assumed to be absent. 
This seems to be a reasonable assumption since very little opaline material 
is retained on the 130pm or 63pm seives, and total biogenic silica 
(determined as the difference between the carbonate-free fraction and the 
'aeolian' fraction; chapter 4) is less than 10% throughout. The classification 
is therefore a description of the relative proportions of carbonate and clay. 
Samples with more than 50% clay are 'clays' and with more than 50% 
carbonates, 'ooze'. These are modified according to the presence of major 
(25-50%) and minor (10-25%) components; for example clayey and clay­
bearing respectively. With the exception of SO-36-61, foraminifera and 
nannofossils are not differentiated and the terms 'calcareous' and 
'carbonate' are used to indicate mixtures of both. The symbols used are 
based on those commonly used in ODP logs but without differentiation 
between foraminifera and nannofossils, with the exception of SO-36-61.
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E39.72 (figure 3.3)
205 samples, 5 cm interval to 660 cm, 10 cm interval to 1308 cm. Includes 
119 palaeomagnetic box samples. Top sample 2-4 cm depth.
Brunhes/ Matsuyama reversal at 1302 cm.
The core has prominent light and dark bands, reflecting the proportion of 
carbonate in what is dominantly clay. Several green ash bands are visible in 
the core, usually as 1-2 mm lamellae. They occur either singly or as groups 
of up to 4 bands close together and their excellent preservation indicates low 
bioturbation, at least in these sections of the core. In other sections of the 
core faunal burrows are very evident and there is no apparent relationship 
between mixing and lithology as one might expect if carbonate preservation 
and sediment accumulation rate were closely related. Many samples 
contain fragments of what are most likely iron-cemented faunal casts which 
are well preserved in only a few samples. These exhibit internal structure, 
with an oxidized orange layer and a dark grey layer. Calcite rhombs, which 
are in situ authigenic crystals, are found in several low-carbonate sections of 
the core. Presumably they post-date sedimentation and are evidence of later 
circulation of saturated pore-water. Glauconite is a common authigenic 
mineral in the core, forming large platey crystals several hundred 
micrometres in diameter, and is more abundant in low carbonate sections of 
the core. According to Berner (1981) glauconite is typical of post-oxic 
sediments, that is sediments which were oxic initially but on burial, and 
consumption of oxygen, did not have sufficient organic matter to cause 
sulfate reduction.
E39.75 (fig 3.4)
Piston Core
126 samples, 5 cm intervals to 310 cm, 10 cm interval to 934 cm. Top sample 
2-4 cm. Includes 72 palaeomagnetic box samples.
Brunhes/ Matsuyama reversal at 800 cm.
Trigger Core
13 samples, 5 cm intervals to bottom at 110 cm. Top sample at 0-lcm.
Clayey calcareous ooze at the top of the core becomes clay-bearing calcareous 
ooze with depth. The Brunhes/Matsuyama reversal identified by Watkins 
and Kennett (1972) was treated with some suspicion in the light of Osborn's 
later study of the Eltanin cores (Osborn et al., 1983) which unfortunately did 
not include this core. The core was therefore sampled to the bottom of the 
intact section. At 878 cm a tephra was identified which was later used to 
confirm the palaeomagnetic stratigraphy (chapter 4). The trigger core was
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also sampled because of the likely disturbance of the core top during piston 
coring. The trigger core taken at this site was one of the few where the top 
10 cm had not been completely used by previous workers.
E26.3 (figure 3.4)
68 samples, at 5 cm intervals to 295 cm, 10 cm to 400 cm. Top sample at 3-4 
cm. Includes 14 palaeomagnetic box samples. Core sucked below 400 cm.
All core normally polarized, Brunhes Chron.
The core is notable for the bands of light-toned calcareous clay within the 
dominant dark grey clay. The tephra layer was tentatively identified from 
magnetic analysis (chapter 6).
E26.4 (figure 3.4)
118 samples, 5 cm intervals to 300 cm, 10 cm to 888. Top sample at 2-3 cm. 
Includes 68 palaeomagnetic box samples.
Brunhes/Matsuyama boundary below 888 cm.
Similar in appearance and lithology to E26.3, carbonate-rich bands wider and 
more calcareous. Tephras tentatively identified from magnetic analysis and 
bulk density.
E26.1 (figure 3.5)
109 samples, 5 cm intervals from top at 1-2 cm to bottom at 541-542 cm.
All core normally polarized,Brunhes Chron.
Apparent core break noted in core log at 333-339 cm.
The light-toned calcareous ooze and clay-bearing ooze is almost featureless. 
Volcanic glass was observed in the coarse fraction at three levels and 
authigenic calcite rhombs at 4 levels.
SO-36-61 (figure 3.5)
78 samples, 4 cm intervals from top at 0-2 cm to 308-310 cm. All 
palaeomagnetic box samples.
Bottom of core dry and disturbed (?), not sampled.
The core is notable for the down-core fining, from a dominantly foraminifer 
ooze above 200 cm to a nannofossil ooze below. Within the dominant ooze 
there are wide bands of clay-bearing ooze, not easily differentiated at the 
macroscopic level, but also prominent, clear darker grey lamellae of finer 
?nannofossil ooze. The appearance of these layers in cross-section is similar 
to horizontal burrows but in three dimensions they are clearly planar. At 
approximately 260 cm depth there is abundant volcanic glass, dominantly
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less than 130pm and coarser than 63pm size. The glass occurs in 4 samples, 
therefore over at least a 12 cm interval. The tephra is invisible in the core, 
being colourless and mixed with 75-80% carbonate.
Cl/86 6GC3 (figure 3.5)
42 samples, 5 cm intervals from top at 0-2 cm to bottom at 205-207 cm. All 
palaeomagnetic box samples.
The core is relatively short and uniformly clay-bearing and clayey calcareous 
ooze. The top 5 cm are strongly coloured, but the rest of the core is dull and 
moderately bioturbated.
C12/87 12GC9 (figure 3.5)
35 samples, 5 cm intervals from top at 0-2 cm to bottom at 170-172 cm. All 
palaeomagnetic box samples.
Ooze and clay-bearing ooze throughout. Calcite rhombs were found in one 
sample near the bottom of the core. Generally little bioturbation.
3.4 Sample Processing Strategy
Because of the small sample size a procedure was developed by which all 
analyses and meaurements could be made without prejudicing subsequent 
analyses. The strategy adopted is shown in figure 3.6 as a flowchart in which 
the major processes are included. The results are reported in chapters 4 to 6 
below.
Mineral magnetic analysis was undertaken, with a view to identifying 
magnetic minerals indicative of the aeolian fraction. These measurements 
were made first because of the need to use the largest possible sample with 
the least possibility of chemical alteration. The results are reported in 
chapter 6.
Sediment dry bulk density was determined by three different methods (see 
chapter 4); the most direct being sampling a known volume of sediment 
then drying and weighing it. This was done prior to magnetic analysis and 
is also a necessary step for magnetic analysis. Electrical conductivity 
measurements were also made as a second method of calculating porosity 
for samples of unknown initial volume. The third method was to use 
lithology, the proportion of carbonate, to infer bulk density.
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Deep-Sea Sediment Samples
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Figure 3.6 Sample Processing Flowchart
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Four m ethods w ere used in estab lish ing  the core chronology; 
palaeomagnetics (previous work published for the Eltanin cores), oxygen 
isotope stratigraphy, AMS dating of foraminifera from the tops of two 
of the cores, correlation of carbonate stratigraphies and tephra identification. 
Of these the isotope chronology was the most important and the most time- 
consuming, both in picking and cleaning the foraminifera and conducting 
the analyses. Tephras were isolated by sieving at 63 pm before particle size 
analysis of the aeolian fraction. Core chronology and age m odels are 
discussed in chapter 4.
The content of carbonate and aeolian material was determined by a series of 
chemical procedures whereby carbonate content was first m easured by a 
'carbonate bomb' and then non-aeolian com ponents were progressivley 
removed from the remaining sample (chapter 4). These results were used 
w ith age m odel and bulk density  data to calculate aeolian mass 
accumulation rates (chapter 4).
Particle size of the aeolian fractions was performed before final drying and 
weighing. Results are discussed in chapter 5.
Detailed methods are discussed in the relevant chapters, along with results 
of analysis of other minor sample collections, for example the m odern dust 
samples used for magnetic analysis (chapter 6).
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Chapter 4 Core C hronology, Sedim entation
and A ccum ulation Rates
Two aims are addressed in this chapter; core chronology and mass 
accumulation rates. Chronology, or dating, is obviously necessary for 
comparison between cores, other sites and the record of global and local 
climates and is also necessary in the calculation of sediment accumulation 
rates ( g / c m ^ / k y l ) ,  defined as the product of linear sedim entation rate 
(cm/ky) and bulk density (g/cm^). The following sections present results of 
dating, bulk density calculations and then the abundance of aeolian and 
biogenic sed im ent com ponents fo llow ed by calculation  of m ass 
accumulation rates.
4.1 Core Chronology and Sedimentation Rates
Core chronology was established for each of the cores using one or all of five 
methods. The palaeomagnetic records of the Eltanin cores have previously 
been published in 2 studies and those stratigraphies have been used for 3 
cores to provide age datums. Fingerprinted tephras in two cores have been 
used to provide age datum s, and unfingerprinted tephras were used as 
tentative datum points in cores E26.3 and E26.4. Three AMS 14C dates were 
obtained from the tops of two cores; E39.72 and E26.1. Oxygen isotope 
stratigraphies for six cores provided high resolution chronology by matching 
with the orbitally 'tuned' SPECMAP record (Imbrie et al., 1984). In the two 
deepest cores, E26.3 and E26.4, carbonate preservation peaks were used as 
correlation horizons in the absence of isotope stratigraphies.
4.1.1 Dating Methods
Palaeomagnetism
The palaeom agnetic records of all the Eltanin cores were published by 
W atkins and Kennett (1972) and revised interpretations m ade by Osborn 
(Osborn, 1981; Osborn et ah, 1983) for most of the cores, but not E26.1 or 
E39.75. Osborn's revisions amounted to ignoring samples with less than 10° 
inclination, inclusion of single point reversals, deletion of the five point 
running mean used by W atkins and Kennett and rem easuring some cores 
using more sensitive magnetometers. Although the revised interpretations 
of several cores are dramatically different (Osborn et ah, 1983, figure 4) the 
interpretations of E39.72, E26.3 and E26.4 remained essentially unchanged. 
Unfortunately the original data were not presented in either paper and were 
unavailable from the library at the core repository (Antarctic M arine 
Geology Facility, Florida State University). Of the three cores which 
included magnetic reversals, the original palaeomagnetic samples covering 
the B ru n h es/M a tsu y am a1 reversal were obtained for E39.72 and E26.4 
allowing positive location. For E39.75 the relevant samples were no longer 
available and the depth of the reversals was calculated from the rather small 
published diagrams. This will be discussed below. E26.1 and E26.3 were both 
assigned to the Brunhes chron. Palaeomagnetic samples were taken at 10 
cm intervals so reversals were assigned to depths m idw ay between the 
bounding samples. No disconformities were detected in these cores in 
either of the studies.
In these low sedim entation-rate  sediments it is likely that the reversal 
boundary has migrated down-core before the magnetization was 'locked in'. 
The critical depth for acquisition of depositional remanent magnetization is 
about 16 cm for cores with sedimentation rates >1 cm /ky (de Menocal et al., 
1991) and consequently sediment below the true depth of the reversal may 
change orientation until, nominally, 16 cm of sedim ent has accum ulated 
above them. In E39.72 and E26.4, where there is no alternative age control at 
those depths, this effect is ignored. In E39.75 the problem is circumvented by 
using tephrochronology.
In this study the age of the Brunhes/M atsuyam a boundary is taken to be 734 
ky, the precise age ascribed by Imbrie et al. (1984). Shackleton (1990) has
1 The Hepburn transliteration of the Japanese is preferred to the Monbusho version 
'Matuyama' since it is a more accurate phonetic rendering.
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suggested an older age based on spectral 'tuning' of the oxygen isotope 
record alone. Recent collations of radiometric dates has seen revision of the 
ages of the magnetic reversals (McDougall et al., 1992; Spell and McDougall, 
1992; Tauxe et al., 1992) based on 40A r/39Ar laser fusion dating of sanidine. 
The radiometric estimate of the age of the Brunhes/ Matsuyama boundary 
(780 ±10 ky) (Spell and McDougall, 1992) is in agreement with that of 
Shackleton et al. (1990) however the radiometric ages of the upper and lower 
Jaramillo (965 and 1045 ky) (Spell, pers. comm., 1993) are both 25 ky younger 
than the astronomical estimates of Shackleton et al. (1990). I have adopted 
the 734 ky date for consistency with the orbitally tuned SPECMAP record. 
The boundaries of the Jaramillo sub-chron are, likewise, the more 
conservative values rather than the recent values. The desirability of using 
the SPECMAP chronology was important in choosing between age models 
however I recognize that this chronology will likely need revision in the 
near future.
Tephras
Several tephras were recognized in the cores studied. Thin green laminae 
were observed in E39.72 in particular. Others were subsequently identified 
in E26.3 and E26.4. Two megascopic tephras were identified, one each in SO- 
36-61 and E39.75, only after seiving at 63 Jim. These two tephras contained 
well preserved glass shards suitable for electron microprobe analysis of 
major elements2. Identification was made by comparing the chemistry of 
the unknown tephras with several identified tephras (table 4.1) using an 
index of similarity method developed by Borchardt et al. (1972). Froggatt 
(conf. paper, 1992) has shown that for New Zealand tephras major element 
analysis alone provides a better basis for comparison than trace element 
analysis alone or a combination of the two. Both tephras were identified as 
rhyolitic ashes from the Taupo volcanic centre in New Zealand.
The well preserved rhyolitic tephra found near the bottom of E39.75 PC (878 
cm) was identified as the Potaka Pumice (table 4.1). It has been found in two 
other Lord Howe Rise cores, DSDP 592 and 593 (T8 and T9) (Nelson et al., 
1986) and in a core east of New Zealand (ash A) (Ninkovich, 1968) and in all 
cases was found at, or near, the top of the Jaramillo event. Dating therefore 
depends on the dating of the Jaramillo, in the absence of direct dating of the
2Samples were analyzed at Victoria University, Wellington, New Zealand, by Dr Brad 
Pillans. Dr Pillans also performed the comparisons with other identified tephras, reported 
below, and made the identifications.
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ash. Using the dates of Barton and Bloemendal (1986) for the Jaramillo an 
age of 940 ky was assigned to the Potaka tephra. The tephra is consistent 
with the palaeomagnetic stratigraphy of this core (see below), being 25 cm 
below the top of the Jaramillo identified by Watkins and Kennett (1972).
Table 4.1 Tephra Identification. Matrix of Similarity Co-efficients
Tephra I.D. 1 2 3 4 5 6 7 8 9 10 11
1 -
2 .97 -
3 .83 .82 -
4 .92 .93 .85 -
5 .91 .92 .87 .98 -
6 .82 .80 .96 .83 .85 -
7 .80 .80 .94 .83 .85 .95 -
8 .85 .84 .97 .87 .86 .95 .94 -
9 .97 .97 .83 .92 .91 .82 .79 .84 -
10 .94 .95 .82 .90 .89 .82 .79 .84 .96 -
11 .92 .92 .88 .94 .93 .86 .83 .89 .93 .93 -
Co-efficients calculated using SiC>2, AI2O3, Ti02, FeO, MgO, CaO, Na2Ü, K2O, Cl 
Bold figures indicate significant correlations
Groupings;
Tephras 1,2,9,10 Rangitawa Pumice (= 350 ky) 
Tephras 3,6,7,8 Rewa Pumice (=1200 ky)
Tephras 4,5,11 Potaka Pumice (=940 ky)
Samples;
1 DSDP594 tephra at 36.5 m depth
2 122Rang Rangitawa type
3 DSDP593 T il (Nelson et al., 1986)
4 DSDP592 T8 (Nelson et al., 1986)
5 DSDP593 T9 (Nelson et al., 1986)
6 DSDP593 T10 (Nelson et al., 1986)
7 DSDP591 T6 (Nelson et al., 1986)
8 DSDP593 T12 (Nelson et al., 1986)
9 DSDP591 T5 (Nelson et al., 1986)
10 SO-36-61 260cm (this study)
11 E39.75 878cm (this study)
The extremely thick rhyolitic tephra in SO-36-61 (252-264 cm) was identified 
as the Rangitawa Tephra, from the Taupo volcanic zone in New Zealand 
(table 4.1). This tephra has previously been found in deep-sea cores 
including DSDP 591 and 594 (Froggatt et al., 1986). In the latter core the 
tephra was found in the stage 10 interval and therefore has an age of =335 ky 
(Nelson, 1988). Fission track dating of zircons from the on-shore correlative
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yielded an age of 350 ±4 ky (Pillans et al., 1992), consistent with the deep-sea 
record. Surprisingly, this tephra was not seen in E39.75 or in E39.72.
Table 4.2____________________________ Altered Tephra Laminae
Tephra E39.72 E26.4 E26.3
T1 89-91
MXC
T2 379-402
DXC
T3 488-497(x4)
505
DXC
T4 828-837(x3)
C
T5 859 C
T6 925 C
188-198 304-336
MD DX
278-328 378
MX MX
590
M
depth in cm
identified by; M=mineral magnetics D=bulk density 
anomaly X=x-ray diffraction C=core description
Table 4.3 Results of X-Ray Diffraction Analysis of Altered Tephras
smectite kaolinite quartz glass m agnetite
Core/Depth__________ illite______chlorite______albite______hornblende
E39.72 89cm A P P P P low
E39.72 402cm P P P P P P low
E39.72 491cm ?T P P P P P low
E26.4 317cm P P P P P low A
E26.3 315cm P P P P P strong P
E26.3 378cm P P P P P mod. P
P=present A=abundant T=trace
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The green laminae in E39.72, E26.3 and E26.4 (table 4.2) are highly altered 
(bentonites) (Gardner et ah, 1986) and x-ray diffraction of several laminae 
has shown that they are generally low in glass and therefore unsuitable for 
microprobe analysis (table 4.3). The mineralogies are quite variable and not 
always consistent with the arguments of Gardner et al, since only one has an 
abundance of smectite. Some show large amounts of hornblende, albite and 
chlorite but little smectite for example (table 4.3). Without positive 
identification prominent tephras were used in conjunction with the 
carbonate preservation record in E26.3 and E26.4 to establish an approximate 
chronology.
A M S  U C D ating
Two samples from the top of E26.1 and one sample from E39.72 were dated 
by AMS 14C on planktonic foraminifers. Tests of Globeratalia inflata were 
cleaned with hydrogen peroxide and in an ultrasonic bath before analysis. 
The ages were used to confirm the isotope stratigraphic age. Because of the 
scarcity of samples, probable bioturbation and incompatibility with the 
'tuned' isotope stratigraphy these dates were not used in the construction of 
the age models. The ages all appeared to be too young, compared with 
isotope age estimates (table 4.4), as expected for marine carbonate (Bard et al, 
1990). When the AMS dates are corrected for the marine reservoir effect 
(450 ±30 yr in the Australian region) (Gillespie, 1990) the age differences (At) 
are close to those predicted by the Barbados coral data (Bard et al., 1990). The 
small differences are probably due to errors in the oxygen isotope-derived 
age model but are sufficiently small, in relation to the resolution of the core, 
to be overlooked.
Table 4.4 AMS 14C Dates From E26.1 & E39.72
Core & 
Lab.I.D.
Depth
(cm)
AMS Age 
(years B.P.)
Isotope Age 
Estimate
At Predicted At 
(Bard et al.)
E26.1
NZA1914 1 4557±64 5230 670
(4107) (1120) 700-1000
NZA1915 15 10560±100 11750 1190
(10110) (1640) 1100-2300
E39.72 41 18920±210 21530 2610
NZA1916 (18470) (3060) 3300-3700
Ages in brackets are corrected for the marine reservoir effect; 450±30 y
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Oxygen Isotope Stratigraphy
For marine sediment records extending beyond the range of radiocarbon 
dating, oxygen isotope records provide the best, most detailed chronology. 
Oxygen isotopes stratigraphies were derived for six cores used in this study. 
The two cores from the deep southern Tasman Basin, E26.3 and E26.4, did 
not have sufficient carbonate for a continuous chronology and so were not 
analyzed while E39.72 produced a fragmentary record, also because of lack of 
preserved foraminifera in some sections of the core. Both the trigger and 
piston cores from site E39.75 were analyzed because of doubts about the 
integrity of the top of the piston core.
All analyses were performed on tests of benthic Uvigerina species, mostly 
peregrina. In E39.72 Uvigerina gave better coverage of the core and were 
much easier to prepare than the planktonic alternative G. bulloides. In 
most cores the benthic foraminifer Cibicidoides wuellerstorfi was very rare. 
Samples were washed through a 130 pm sieve and the coarse fraction dried 
for picking. Uvigerina tests were cleaned in an ultrasonic bath twice, in 
distilled water, and checked for obvious contamination or filled chambers. 
The tests were not crushed. Tests were then further cleaned by soaking in 
hydrogen peroxide solution, to remove organic matter, and then rinsed 
again in distilled water and dried before analysis. The peroxide treatment 
was found by Shackleton and Hall (1989) to be better than oven roasting in 
some cases.
Samples from E39.72 and E26.1 were analyzed at the Godwin Laboratory for 
Quaternary Research, Cambridge University, using a VG Isogas SIRA 10 
triple-collector mass spectrometer. Some samples from E39.72 were too 
small and yielded no result, others rejected as unreliable and some adjacent 
samples were pooled to get sufficient quantity. Because of the problem of 
small size some of the individual results should be interpreted with caution 
and relative, rather than absolute, changes given any value.
All other samples were run in the laboratory at the Research School of Earth 
Sciences, ANU, using a Finigan MAT 251 mass spectrometer with automatic 
carbonate sample loading device attachment. All isotope ratios are reported 
relative to PDB by calibration with the standard NBS-19. Samples were 
sufficiently large to have confidence in the results; generally 4-8 tests were 
used yielding 70-150 pg of carbonate.
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The basis of the construction of a chronology from the oxygen isotope record 
was simply matching with the orbitally tuned SPECMAP composite isotope 
curve (Imbrie et ah, 1984) or the orbitally tuned planktonic oxygen isotope 
record from core RC11-120 in the southern Indian Ocean (Martinson et ah, 
1987). The first record uses radiometrically dated control points at 734 ky for 
the Brunhes/M atsuyam a reversal, 127 ky for the stage 6 term ination, 2 
points in the last glacial stage and the modern core tops but generated 
independent 'dates' during the tuning procedure. The palaeom agnetic 
datum  point "and the assumption that variations in orbital precession and 
obliquity cause changes in global climate, (were) used to develop a new 
time-scale" (Imbrie et ah, 1984). Recently, however, radiometric dating of a 
terrestrial record (Winograd et ah, 1992) has given an older age for the stage 
6 term ination in general agreem ent with the Vostok ice core age model 
(Jouzel et ah, 1987). Mass spectrometric Uranium-series dates on corals also 
suggest an earlier, though less extreme, age for the last interglacial (Smart 
and Richards, 1992; Stein et ah, 1993). The substantial disagreement casts 
some doubt on the validity of the orbital forcing model, and consequently 
the SPECMAP record, how ever the Devil's Hole record also provides 
radiometric confirmation of other features of the SPECMAP record. Out of 
caution the solely-orbitally tuned chronology of Shackleton et ah (1990) has 
not been adopted here, even with radiometric confirmation of the older date 
for the Brunhes reversal (Spell and McDougall, 1992). At the present time 
the SPECMAP record is still the only comprehensive chronology for late 
Quaternary records and so, with the reservations outlined above, I have 
used SPECMAP and the RC11-120 chronology (for shorter cores) to develop 
chronologies for these cores. If the radiometrically dated record is ultimately 
confirmed the major implications are that stage 5 is longer and stage 6 
shorter than the orb ita lly  tuned  records indicate. C onsequen tly  
sedim entation rates and mass accum ulation rates w ould be lower and 
higher in stages 5 and 6 respectively if the radiometric ages were adopted.
The determ ination  of errors associated w ith the application of this 
chronology is not easy. Imbrie et al. (1984) listed 5 sources of error in the 
SPECMAP chronology giving final total errors ranging from 3-5 ky, 
depending on the position in the record. It is not true however that the 
errors of the ages of neighbouring or nearby points are truly independent; 
for example the absolute error associated with ocean mixing may be nearly 
constant for long intervals, and likewise errors in the identification of a
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feature (for example stage 6.0) are propagated throughout the chronology. 
Two points at a, nominal, five thousand year interval do not then 
necessarily each carry independent errors of ±5 ky.
In applying the chronology to the cores used in this study, errors arise from 
the sample spacing and detail of the oxygen isotope curve which are 
recovered as well as the precision with which features can be matched 
between the two records. This latter error is half the sampling interval in 
the core and m ust be added to the original SPECMAP errors. Low 
sedim entation rate cores will therefore have higher errors for any date 
(given the same sampling interval). The critical factor is the resultant errors 
in the sedimentation rates calculated using the chronology. An error of 5 ky 
in the length of a 50 ky interval will have a relatively minor effect, and is 
less significant than errors associated with the determination of dry bulk 
density, for example. However for short periods, e.g. stage 2, the potential 
errors are quite large, conceivably up to 50%, but in most cases should be 
less. Small, short-lived events in the sedim entation rate records should 
therefore be treated cautiously.
The detail of the recovered isotope curve is dependent both on sample 
spacing and on the detail available in the sediment after bioturbation. With 
too large a sample interval oxygen isotope peak maxima and minima are 
easily missed. This seems to have been the case in E39.75 TC, for example, 
where the maximum stage 2 5180  value is 0.13%o lower than in the piston 
core (see below). This problem is greatest in low sedimentation rate cores 
where the time interval betw een sam ples becomes greatest. In low 
sedimentation rate cores particularly, bioturbation is likely to reduce the 
amplitude of the oxygen isotope signal.
The data presented in figure 4.1 illustrate the combined effects of both 
sampling and mixing effects. Stage 2 and 5.5 5180  extremes, and core 
maximum and m inim um  values, are plotted against water depth. The 
amplitude of the stage 2 - 5.5 section of the record for benthic foraminifera, 
1.7%o for most high quality cores (Shackleton, 1987), is also shown (using 
the stage 2 values of 8180  in E26.1, E39.75 and E39.72 as the baseline). The 
higher sedimentation rate cores E26.1 and E39.75 PC show the full 1.7%o 
range indicating that both stage 2 and stage 5.5 peaks have been sampled. 
The range of values in SO-36-61 is obviously much less (0.95%o) than the 
1.7%o predicted. Both the glacial and interglacial peaks seem to be
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suppressed, and this can be seen in figure 4.5. Lower in the core the 
amplitude increases (figure 4.1 maximum and minimum values), but this is 
apparently not due to higher sedim entation rates (figure 4.5 d) or to 
bioturbation (figure 3.5). Stage 5.5 values and extremes (stage 7) in C l/8 6  are 
close to the amplitude expected (stage 2 is missing). In E39.72 the stage 5.5 
value is higher than expected while the minim um  seen (stage 7) may be 
affected by small sample size. The stage 5.5 interval in E39.72 is one of low 
sedimentation rates and low carbonate preservation, in contrast to stage 2. 
The very high stage 6 m axim um  in E39.75 is difficult to explain. 
Sedimentation rates in stage 6 generally are very high and there is no doubt 
that a value closer to 5%o is representative. The single anomalous sample (2 
repeat analyses) is unlikely to represent a short interval of very cold water 
(about 3.5° lower; present temperature is =1°C). Another possibility is that 
the sample may have been contaminated.
Matching was achieved first by identifying the major stages and major 
events in each record. In most cases intervening sections were matched 
assum ing linear sedim entation rates between matched points. For some 
cores the sequence slotting program PCSLOT v l.43 was used. This program 
matches 2 sequences by shifting points, in sequence, up and down to achieve 
the 'best fit’, defined as the minimum combined path length (CPL). One 
way the program  minimizes the CPL is to lump several points together, 
especially in sections of the sequence which have low or unequal 
amplitudes. In low am plitude sections the sequence slotting m ethod was 
not followed. In other sequences the program  was applied and maximum 
block length and tied points were im posed to overcome some of these 
problems. Ultimately the best measure of success is visual comparison. All 
matched records have been checked for obvious inconsistencies and over­
interpretation. In the diagrams below the 5180  records are compared against 
the SPECMAP record. In each case the SPECMAP record has been rescaled to 
have a similar am plitude to that of the core in question to allow easy 
comparison of peak alignments.
Carbonate Preservation S trat igraphy
Cores E39.72, E26.3 and E26.4 were below the lysocline during the mid to late 
Quaternary and periodically below the carbonate compensation depth (CCD). 
Consequently these cores have only brief intervals of carbonate preservation
3PCSLOT was written and made available by Dr Malcolm Clark, Dept Mathematics, Monash 
University.
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(figure 3.3, 3.4). E39.72 has a higher level of carbonate preservation and a 
discontinuous oxygen isotope record was obtained. Together w ith the 
Brunhes/M atsuyam a boundary they provide a relatively secure chronology 
which allows the carbonate preservation spikes to be dated. Carbonate 
preservation spikes in E26.3 and E26.4 can be correlated with those in E39.72 
and therefore assigned ages. The method is by necessity crude and lacks the 
resolution of the high-carbonate cores but is the only available method of 
dating these two cores.
Table 4.5 Tasman Basin Carbonate Preservation Peaks
E39.72 
depth (cm)
E26.4
depth (cm)
E26.3
depth (cm)
Isotope
Event
(fro m  E 39.72)
Age
(ky)
(fro m  E 39.72)
22 10 18 2 16
121 48 63 3.3 51
230 143 243 6.0 130
352 188 291 6.5 175
451 263 358 7.5 240
531 - (8.4/.5)
637 ?397 (9.3)
712 ?481 (11.1)
802 552 11.3/.4 412
874 - 12.3 448
1042 671 13.3 520
1170 798 15.3-17.0 628
(1296) (890) (B/M) (734)
Isotope events in brackets are assigned for E39.72 only by linear interpolation.
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4.1.2 Chronology of E39.75
Palaeomagnetic markers, an identified New Zealand tephra and a 
continuous oxygen isotope stratigraphy were available for development of 
the chronology of this core. The palaeomagnetic stratigraphy reported by 
Watkins and Kennett (1972) was not reviewed by Osborn et al. (1983) and the 
depths of the reversals have been determined from a small figure in the 
former paper. In addition to the Brunhes/Matsuyama reversal and the 
upper Jaramillo reversal, identified at 779 and 853 cm respectively, a 
reversed interval was identified between 548 and 592 cm depth. These two 
reversed zones coincide with two intervals of very low remanence and 
antiferromagnetic mineralogy (there is some difference in the depths which 
may be a significant real difference or may be due to drafting errors or errors 
made in measuring from the original palaeomagnetic column), determined 
by mineral magnetic analysis (chapter 6), and may therefore not be reversals 
at all. The identified Brunhes/Matsuyama boundary occurs above an 
interglacial peak in the core; too far above to be an accurate location (de 
Menocal et al., 1991) and too far below the interglacial above to be considered 
a useful stage 19 marker (figure 4.2 a). This, and the difficulty of reliably 
interpreting reversals near the bottom of a core, made interpretation of the 
palaeomagnetic record highly questionable (The upper reversal would have 
an age of 430-520 ky if correct, a new and significant event if real).
The palaeomagnetic and tephra stratigraphy is important since it is apparent 
that in the bottom of the core the sampling interval was not fine enough to 
resolve all the principle isotope stages (figure 4.2 ky). Stages could be reliably 
identified down to the 15/16 boundary (670 cm) but not below. The upper 
section of the E39.75 record matches the SPECMAP stacked record very well. 
There is an obvious difference in stage 11, where E39.75 does not show a 
strong early stage 11 peak, possibly because of coarse sampling interval. The 
very deep positive values in stage 6 (=0.6%o above the general stage 6 value) 
and 20 (both confirmed by repeat analyses), noted above, are difficult to 
explain. Overall the record does not achieve high resolution and, both at 
the top and the bottom of the core, the finer detail of the SPECMAP record is 
not resolved. The Potaka tephra (868 cm, 940 ky) and top of stage 16 were 
used as age datums in the bottom of the core; all ages between were derived 
by linear interpolation. In this chronology the very deep glacial (1 point) is 
identified as stage 20, while stage 18 is not represented in the isotope 
stratigraphy, possibly because of coarse sample spacing in this interval.
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Dating of the top of the core is also complicated by the apparent incomplete 
recovery made by the piston core. Fortunately the accompanying trigger 
core was still available and was sampled and analyzed both to assess the 
recovery of the piston core and provide an alternative record of the upper 
sediments. The two cores were matched on the basis of the oxygen isotope 
and m agnetic p roperties (see chapter 6 for explanation of m agnetic 
parameters) (figure 4.3). Matching confirmed that the top of the piston core 
has been greatly com pressed, relative to the trigger core, w ithout a 
commensurate increase in bulk density (figure 4.14). The inference is that 
sediment has actually been lost from the core.
Sedimentation rates in the trigger core are generally low (figure 4.4 d), =1 
cm /ky, except for a spike between 10 and 15 ky. Although the cores were 
m atched using m agnetic as well as isotopic values, oxygen isotope 
determ inations were m ade on only every second sample. The height, 
timing and duration of the spike in sedim entation rate are dependent on 
matching of magnetic paramaters in the Holocene maximum and the glacial 
maximum. Although sedimentation rates were clearly higher in the period 
after stage 3 the peak drawn in figure 4.4 should be regarded cautiously. The 
comparable section of the piston core has no such spike and very low 
sedimentation rates after 75 ky (figure 4.2 d). The highest sedim entation 
rates, apart from late stage 2, are in stages 6, 8 and 10. These glacial stages are 
d iv ided  by low sed im entation  rate in terglacials. Before stage 10 
sedimentation rates were uniformly low, even where stage boundaries can 
be identified.
4.1.3 Chronology of SO-36-61
Although the oxygen isotope record is quite unequivocal (figure 4.5) in 
showing 4 complete glacial cycles the Rangitawa tephra (252-264 cm, =340 ky) 
usefully confirms the very low sedimentation rates in this core (=0.75 cm /ky  
overall). Possibly because of these low sedim entation rates the record is 
noisy and, especially in the top of the core, some detail is missing. A single 
point within stage 2 has a low S180  value, possibly the result of mixing, 
while the peaks within stage 5 cannot be distinguished. Overall am plitude 
decreases tow ards the top of the core (compare with E39.75 w here the 
reverse is true) such that maximum values in stage 2 are lower than stage 6
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(figure 4.5 a). The chronology was developed solely by matching peaks and 
stage boundaries, where they could be identified (figure 4.5 c).
Of the several peaks in sedimentation rate (figure 4. 5 d) the lowermost is 
due to the tephra while the others occur in stage 2, 7.5-8.2 and 8.5-8.6. The 
tephra layer has clearly resulted in extension of the stage 10 interval of the 
isotope record and this is reflected in the higher sedimentation rates. The 
stage 8.4/8.5 and stage 7.5/8.2 sedimentation rate peaks are well constrained 
by the isotope record whereas the stage 2 peak is not. The stage 6 interval is 
also not well defined against the SPECMAP record and may be better 
compared with RC11-120 (Martinson et al., 1987) which shows a low 5180  
peak in stage 6.3.
4.1.4 Chronology of E26.1
Higher sedimentation rates give greater resolution to the oxygen isotope 
record in E26.1 and make matching with the SPECMAP record relatively 
simple (figure 4.6). Features from both the SPECMAP and RC11-120 curves 
were matched to add detail in the extended glacial stages of E26.1. The 
bottom of the core has been assigned to stage 9, rather than sub-stage 8.5, 
after comparison with the longer record from DSDP 593 (Nelson et al., 1993) 
located nearby. In DSDP 593 stage 9 (in the benthic record) is recognized as a 
narrow interval with minimum 5180  values similar to stage 7.5. A better 
match with SPECMAP also results from this assignation. The two AMS 
dates (table 4.4) confirm the isotopic chronology at the top of the core.
Sedimentation rates average between 1 and 2 cm/ky with peaks of higher 
sedimentation rates in glacial stages 2 and 6, the stage 4/5 transition and sub­
stage 7.4 (figure 4.6 d). No sedimentation rate peak is observed in glacial 
stage 8 or stage 4. The stage 2 and stage 6 sedimentation rate peaks are 
beyond doubt, considering the obvious extension of the isotope record in 
these intervals, however the stage 4/5 boundary peak is more tentative. 
Likewise the stage 7.4 peak is dependent on the correct identification of the 
7.3 peak. Assignment of the 500 cm sample to stage 8.2 would have the 
effect of increasing sedimentation rates in late stage 8 but would also create a 
low 5180  peak (based on more points) where none is evident in either 
SPECMAP or RC11-120. The preferred chronology for stage 8, therefore, 
shows no peak in sedimentation rates.
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4.1.5 Chronology of C l/86  6GC3
The oxygen isotope record of C l/8 6  clearly shows that the top of this core is 
missing, certainly all of stage 1 and at least part of stage 2 (figure 4.7 a). 
Within the core stages 3, 4, 5 and 6 are distinguishable and the top of stage 7 
is present at the bottom of the core. On the basis that oxygen isotope values 
at the top of the core are lower than stage 6 and the same as stage 4, I have 
assigned the top of the core to the top of stage 3; 24 ky. Comparison with 
core Z2108, nearby and 100m shallower (Nelson et al., 1993), is useful in 
confirming the differences in values between stages 2 and 4 as well as the 
prominent 6.4 peak, rather than 6.2, also observed in C l/86 .
Sedim entation rates are higher in Z2108, how ever, w ith the stage 6 
termination at 250 cm depth compared with 120 cm in C l/86 . The possible 
causes will be discussed below, however the missing section of C l/8 6  
probably accounts for only about 25 cm. This was probably lost during 
coring. Sedimentation rates in C l/8 6  are less variable than in the more 
southerly cores (figure 4.9) but are higher in stage 6 than in the interglacial 
stages above and below.
4.1.6 Chronology of C12/87 12GC9
The chronology of this core is the most problematic since the benthic oxygen 
isotope record on which it is based does not have the characteristic saw­
tooth shape of most oxygen isotope records (figure 4.8 a). The two peaks of 
high 5180  values at 15 and 120 cm may represent stages 2 and 6 respectively 
and the am plitude of the 5180  record (1.46 %o)  is only a little less than 
expected for the the last glacial cycle but values are higher, for their depth, 
than Tasman Basin cores (figure 4.1). However, 513C values in the high 
5180  intervals are as high or higher than those in low 5180  intervals (figure 
4.8 b), unlike all other cores in the Tasman Sea which show lower glacial 
S13C values, especially in stage 6.
No reliable chronology can be interpreted from this record. It is possible that 
there has been rew orking of the sedim ent, or some other form  of 
contamination. If any chronology is to be derived for this core then it must
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be from a planktonic foraminifer isotope record or external age control from 
tephras. The core is henceforth discussed with reference to sedimentological 
properties only and aeolian mass accumulation rates are not derived.
4.1.7 Chronology of E39.72
The oxygen isotope chronology of E39.72 is fairly continuous from the top of 
stage 2 to the top of stage 7 at about 400 cm depth, with sufficient detail in 
stage 7 to locate 7.5 and the top of stage 8. Below that depth there is only a 
fragmentary record of four floating sections, two of which clearly represent 
glacial to interglacial transitions while the third is clearly glacial and the 
lowermost is probably interglacial (figure 4.9 a). In addition, the AMS 14C 
date NZA1916 at 41 cm; 18 920 ±210 years BP (table 4.4) constrains the core 
top and the B runhes/M atsuyam a boundary  at 1296 cm constrains the 
bottom. The chronology of the bottom  half of the core is therefore not 
definite and was made by matching the floating sections with glacial stages 
(figure 4.9 c). The termination at 800 cm depth was assumed to be the stage 
12/11 transition on the basis of the am plitude of the shift in isotope values 
and conservation of a fairly uniform sedim entation rate. The termination 
at 1050 cm depth was assigned to stage 14 and the glacial section at 1150 cm to 
stage 16 both on the basis that the relative depths of the glacials best matched 
the SPECMAP curve with this scenario and that the resu ltan t high 
sedimentation rates above 1000 cm are consistent with the high carbonate 
preservation (figure 4.9 d and e).
C arbonate preservation  clearly has a great effect on the resu ltan t 
sedimentation rate in the upper part of the core. Sedimentation rates in the 
firmly dated upper 400 cm clearly show a positive relationship w ith the 
proportion of carbonate (figure 4.9 d and e). Chronology below 400 cm is 
inadequate for distinguishing these im portan t short-lived changes in 
sedimentation rate. Obviously the carbonate peaks themselves cannot be 
used to independently date the core, some occurring in glacials, others in 
interglacials and at transitions (figure 4.9 e, table 4.5). In addition there are 
simply too many peaks to correlate with odd or even isotope stages. This is 
in contrast to the general pattern observed in the central equatorial and 
North Pacific (Arrhenius, 1988; Hays et al., 1969; Rea et al., 1991) where 
glacial maxima are recorded.
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4.1.8 Chronology of E26.3 and E26.4
The carbonate preservation peaks observed in E39.72 have been correlated 
with those observed in E26.3 and E26.4 on the assumption that the chemical 
cycles responsible for the dissolution of the carbonate were at least basin­
wide in extent. Figure 4.10 shows the correlation of peaks and tephra layers, 
a secondary tool for correlation. The coupled stage 6.5 and 7.5 carbonate 
peaks and tephra layers beneath provide good markers, and likewise the 
stage 11.3 peak and tephra below. These relative positions were used rather 
than tephra chemistry or mineralogy since the advanced alteration of the 
tephras and their small size made accurate identification impossible. Details 
of tephra depths and distinguishing characteristics are given in table 4.2 and 
minerals identified by XRD in table 4.3.
The correlation of E26.3 with E39.72 is quite straightforward. The centres of 
carbonate peaks were correlated and assigned ages. The calculated age of the 
top of the core is 4 ky and the bottom is put at 280 ky (figure 4.11 b). The 
resultant sedimentation rates are between 1 and 1.5 cm/ky except for the 
interval between 63 and 243 cm where it is over 2 cm/ky (figure 4.11 c).
Only carbonate peaks 'dated' by oxygen isotopes in E39.72 were used to 
develop the E26.4 chronology. Thus the minor peaks between 450 cm and 
800 cm in E39.72, which were dated by linear extrapolation between those 
two points, were not then used to date the peaks in E26.4. There is therefore 
some difference in the age estimates of these peaks between the cores. The 
E26.4 chronology is less certain since there are fewer carbonate peaks in this 
core than in E39.72 (figure 4.10) over the Brunhes chron, presumably 
because of the greater depth of E26.4. Below the stage 7.5 peak the carbonate 
peak at 552 cm, with its nearby tephra, was correlated with the 800 cm, stage 
11.3/11.4, peak in E39.72, and peaks above and below matched as best as 
possible. Correlations were made with a view to maintaining fairly 
uniform sedimentation rates. The final age model puts the top of the core at 
7 ky while the bottom is defined by the palaeomagnetic reversal (figure 4.12). 
Sedimentation rates are generally between 1 and 1.25 cm/ky except for the 
interval between the 263 and 552 cm peaks where sedimentation rates of 1.7 
cm/ky were calculated.
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4.1.9 Discussion
S
Three feature,'of these cores are the pattern of glacial to interglacial variation 
in sedimentation rates, the tendency for sedimentation rates to increase up- 
core and the northw ard decline in sedimentation rates (table 4.6). Only for 
brief intervals in several cores were sedimentation rates m oderate or high 
(compare w ith up to 10-15 cm /ky  for sites in the Atlantic and equatorial 
Pacific) and in most they were extremely low. There are three possible 
causes of the 'spikes’ in sedimentation rate; as artefacts of the age model, as 
features resulting from loss of sediment due to winnowing, as the product 
of greater pelagic flux of organic and /o r inorganic components.
The major spikes of high sedimentation rate in the cores are sum m arized in 
table 4.6. The durations of the peaks are necessarily dependent on the 
resolution and quality of the chronology, for example the stage 1 /2  peak in 
E39.75 TC which may extend to the glacial maximum and to the present but 
cannot be further refined with the present chronology. Several common 
peaks appear in the cores, for example stage 2, stage 4 /5  boundary, stage 6 
and stage 8. The 'missing' peaks, indicated by dashes, are equally significant 
since they show that the sedimentation rate peaks are not the systematic 
product of errors in the SPECMAP chronology. The presence of a small peak 
at the boundary of stages 4 and 5, for example, is seen in three cores but not 
in E39.75 or E39.72, which have quite good chronological control. If the 
spike was the result of underestimation of the duration of the transition in 
the SPECMAP time-scale then it should appear as an artefact in all 
reasonably high resolution isotope records. This is not the case for any of 
the peaks found.
The possibility of winnowing reducing the resultant sedimentation rates is a 
real one, especially for cores on the Lord Howe Rise. W innowing has been 
found to reduce sedim entation rates on the Ontong-Java Plateau in the 
equatorial western Pacific (Wu and Berger, 1991) and apparently current- 
sm oothed features are seen in seismic profiles from the Lord Howe Rise 
(DSDP Leg 90 site descriptions), although these are long-term features and 
not necessarily indicative of late Pleistocene processes. Sedimentation rates 
are locally variable, for example the rate for C l/8 6  is only half that of nearby 
Z2108 (Thiede, 1979; chapter 8). The nature of the tim ing of the high 
sedim entation rate peaks in cores C l/8 6  6GC3 and SO-36-61, both atop the
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Lord Howe Rise, suggests that w innow ing, if effective, is localized. 
Sedimentological information bearing on this process are discussed below.
It is apparent from the tabulated data (table 4.6) that sedim entation rate 
peaks are only detected in cores with high quality chronology (categories 1 
and 2). This is reflected in the variability of the sedim entation rate 
(coefficient of variation) which is higher for high quality cores. Because of 
the high variability of sedim entation rates in these cores the arithmetic 
mean of all sample sedimentation rates becomes increasingly biased toward 
high sedimentation rates (because of constant sample spacing) and greater 
from the 'overall' sedim entation rate calculated from the core top and 
bottom only.
Because of the critical nature of the chronology, the cores have been ranked 
in terms of the quality of their chronology (table 4.6). Generally, high 
carbonate cores provide better chronologies since the oxygen isotope 
chronology gives the highest time resolution. Local differences in 
sedimentation rate and sampling interval determine the relative quality of 
the isotope chronologies. The lowest quality cores are those w ith low 
carbonate and only a few age datum  points (E26.3, E26.4 and the bottom of 
E39,72). C12/87 12GC9 is somewhat anomalous in that it has good carbonate 
preservation but an incomprehensible isotope record. This is most likely 
the result of local sedimentation processes in this closed basin. All of the 
cores are missing some depth of sediment from their tops, presum ably lost 
in the coring process. The most extreme case of this is C l / 86 6GC3 in which 
stages 1 and 2 are both missing, reducing the usefulness of an otherwise 
high quality core.
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4.2 Bulk Density
4.2.1 Methods
Three methods were used to measure the dry bulk density (DBD) of the 
sediment samples. The first of these, DBD (vol), was simply to sample a 
known volume of sediment and then record the dry weight. This was 
anticipated to be closest to the 'true' DBD but unfortunately not all cores 
were suitable for this method. The second method applied was to measure 
the salt content of the dried sediment to calculate the volume of evaporated 
water and hence calculate the original wet volume of the sample and hence 
DBD (sal) (Rea and Leinen, 1988). Lastly, lithology, specifically the calcium 
carbonate content, was related to DBD (vol) to develop an empirical estimate 
of DBD (CO3) (Chuey et ah, 1987).
Volume Method
Plastic palaeom agnetic cubes are a convenient m ethod of sam pling for 
several reasons. Not the least of these is that with reasonable accuracy a 
known volum e of sedim ent can be taken w ith m inim al disturbance. 
Original palaeomagnetic samples were available from four Eltanin cores, 
E39.72, E39.75, E26.1 and E26.4, for some depths. Supplementary samples 
were not taken w ith  palaeom agnetic cubes since, even w here not 
observable, the possibility of drying and shrinkage would have rendered the 
technique inapplicable. Exceptions to this rule were in high carbonate 
sediments, especially in the more recent Cook and Sonne cores. These 
sediments showed no shrinkage on low -tem perature drying, presumably 
because they have grain-supported fabrics. All of the cores sampled with 
palaeomagnetic cubes were examined to be sure there was no shrinkage or 
cracking which could indicate alteration of the original wet volume.
DBD (vol) was determined by weighing samples, dried for up to 1 week at 
=40 °C, and subtracting the weight of the plastic cube. Cubes were either pre­
weighed (Cook and Sonne) or estimated from the average of a number of 
cubes (Eltanin). This dry sediment weight was divided by the volume of the 
cube (several different types used were all measured) to give the value of 
DBD (vol). Errors associated with the estimation of box weights are in the 
order of ±0.04 g. The major potential for error comes from problems in 
sam pling the exact volum e of the box and in compacting the sediment 
while inserting the cube. The filling problem may reasonably be expected to
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give errors in the order of ±0.1 g /6  cm^ or, with the box weight error, ±0.02 
g /cm ^ . Sampling compaction cannot be quantified but is assumed to be 
m inor.
Salinity Method
The weight of dried salt in a sample can be used to calculate the original 
water content and hence the dry bulk density (Rea and Leinen, 1988). The 
method relies on the truism that
DBD = dry sediment w eight/ (sediment volume + water volume) 
and that the volumes can be calculated by assuming densities;
sediment volume = dry sediment w eight/ sediment density
and
water volume = salt water w eight/ salt water density 
The weight of salt water is derived from
salt water weight = measured salinity x weight of solution
palaeosalinity
where the palaeosalinity is assumed.
Values of palaeosalinity were assumed to be close to m odern values for 
bottom waters at 34.55 %o for the shallower cores E26.1 and SO-36-61 and 
34.71 %o for the deeper core E39.75. Consequently the density of the sea­
water was taken to be 1.0243 g/cm ^. Sediment density was taken to be 2.67 
g/crn^.
C onductivity m easurem ents w ere m ade using a Solomat conductivity  
meter with a 1.0 K cell (E26.1 and E39.75 PC) or Philips digital conductivity 
m eter, PW9509 (SO-36-61 and E39.75TC). Salinity was calculated by 
comparison with a sea-water standard m easured at the same time (and 
temperature). Samples were dried at =40°C for up to 1 week, weighed and 
placed in sealable containers. Distilled w ater was w eighed into the 
containers; 20 g for E39.75 PC and E26.1 and 25 g for E39.75 TC and SO-36-61, 
and the sample sealed and allowed to wet thoroughly for 24 hours before 
m easurement. At the time of m easurem ent the samples were agitated to 
suspend the sediment.
Rea and Leinen (1988) estimated errors of ±25% for this method. The origin 
and degree of errors will be discussed below.
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Table 4.7____________________Summary of Dry Bulk Density Measurements
Core Sampling Interval (cm) 
DBD(vol) DBD(C03) DBD(sal)
DBD estimate 
used in MAR calc.
Range
(g/cm 3)
E39.75 TC - 5 5 CO3 0.74-0.87
E39.75 PC
0-308 10 5 5 CO3 0.55-0.86
308-708 10 10 10 CO3 0.65-0.97
708-933 - 10 10 CO3 0.91-1.01
SO-36061 4 4 4 vol 0.88-1.20
E26.1 - 5 5 CO3 0.95-1.04
Cl/86 5 5 - vol 0.92-1.24
C12/87 5 5 - - 0.92-1.14
E39.72
0-511 10 5 - co3 0.45-0.63
511-1307 10 10 - co3 0.51-0.81
E26.3
0-253 - 5 • - co3 0.44-0.68
253-304 10 5 - co3 0.44-0.53
304-398 10 10 - co3 0.44-0.65
E26.4
0-298 10(irreg) 5 - co3 0.49-0.68
298-886 10 10 CO3+V0I in 
tephra layer
0.49-0.92
S e d i m e n t  l i t h o l o g y  m e th od
The third method of approximating DBD relies on the relationship between 
sediment lithology, measured as the percentage of carbonate, and the dry 
bulk density (volume) determined for fresh sediments (Chuey et ah, 1987). 
The empirically derived relationship can be used to calculate DBD (CO3) for 
dried samples within the same cores or neighbouring cores. Measurement, 
discussed in section 4.3, is accurate to ±0.5% or better how ever the 
correlation with DBD(vol) is the greatest source of uncertainty. Some 
samples where non-clay m inerals other than carbonate dom inate, e.g. 
volcanic glass, are not amenable to this method. High carbonate sediments
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have greater bulk density, presumably because the very fine nannofossils fill 
pore spaces created by the larger foraminifera. Clays, on the other hand, 
have an open 'house-of-cards' structure made by 'a loose open framework 
of randomly oriented' clay aggregates (Bowles, 1968). They therefore have 
high porosity but are very compressible.
The techniques used in each core are summarized in table 4.7. Because of 
the unavailability of DBD(vol) measurements in some cores (E39.75 TC and 
E26.1), or incomplete coverage in others, the carbonate and salinity methods 
were investigated as alternatives. Both measures were compared against 
DBD(vol) where available to determine the best proxy of DBD(vol).
4.2.2 Bulk Density of High-Carbonate Cores - E39.75 SO-36-61 E26.1
Cl/86 6GC3 C12/87 12GC9
E39.75 Bulk Density
All three methods of bulk density determinations were made on E39.75 PC 
(and SO-36-61) while only carbonate and salinity estimates were available for 
E39.75 TC. Carbonate content provides quite a good measure of bulk density 
(r2=0.745) (figure 4.13 b) and records all the major down-core fluctuations in 
DBD(vol) (figure 4.13 a). There is no indication of compression in the core, 
however the four lowermost DBD(vol) points are offset from the DBD(C03) 
values by approximately 0.1 g/cm 3 (10%), possibly indicative of compression 
in the bottom of the core or perhaps a brief anomaly. Errors are generally 
less than 10% but reach 15% for lower carbonate intervals (figure 4.13 b). 
Salinity gives a less satisfactory approximation of bulk density (figure 4.13 c) 
with poorer correlation (r2=0.503) and larger errors (up to 20%). DBD(CC>3) 
was used in all subsequent calculations, rather than try and combine 
volume and carbonate estimates.
Comparison of bulk density measures for the trigger core and the top of the 
piston core also indicate that DBD(CC>3) is the best estimate in the trigger 
core (figure 4.14). The salinity estimates are consistently too low and do not 
reflect the fine structure of the volume record. Importantly, the top of the 
piston core does not show any signs of significant compaction in the region 
which shows the greatest compression of the isotope record, supporting the 
conclusion that sediment was lost during coring.
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SO-36-61 Bulk Density
In the much narrower range of DBD(vol) values found in SO-36-61 neither 
carbonate or salinity perform particularly well as bulk density proxies (figure 
4.15). Despite an offset in values, the salinity record is marginally superior; 
recording some of the downcore fluctuations. DBD(C0 3 ) for this core was 
calculated using the relationship found for E39.75. Because DBD(vol) 
measurements were made on all but the 3 lowermost samples these values 
were used in MAR calculations. Bulk density of the bottom samples was 
assumed to be the same as the fourth last sample.
E26.1 Bulk Density
This core posed the biggest problem in estimation of bulk density since 
volume measurements were unavailable. In other cores DBD (CO3) was 
generally found to be superior to DBD (sal), although in the high-carbonate 
cores this was less so and DBD (CO3) did not record minor variations in bulk 
density. In E26.1 the DBD (sal) record is very noisy (figure 4.16), and there is 
reason to believe that at least some of the scatter may be measurement error. 
The DBD (CO3) estimates (using the relationship developed in E39.75) show 
very low variability but are in general agreement with the salinity-derived 
values. DBD (CO3) values were used in all MAR calculations.
Cl/86 6GC3 Bulk Density
Although the availability of DBD (vol) measurements for all samples in this 
core obviated the need for other measures, values of DBD (CO3), derived 
from the E39.75 relationship were compared. As in SO-36-61 agreement was 
poor (figure 4.17), although the narrow range of bulk density and the high 
values minimize the errors.
C12/87 12GC9 Bulk Density
As was found in the other high-carbonate cores, C12/87 has only a narrow 
range of bulk density (figure 4.18). DBD(CÜ3) is a better measure of bulk 
density in this core but does not show the fine structure of the DBD(vol) 
record. Errors are generally of the order of 5%.
4.2.3 Bulk Density of Low-Carbonate Cores - E39.72 E26.3 E26.4
The three cores from the deep southern Tasman Basin have complete 
carbonate records, incomplete volume bulk density information and no
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salinity records (table 4.7). Because of the incomplete volume bulk density 
records the carbonate m ethod was used as an alternative, after scaling 
against the available volume data.
E39.72 Bulk Density
The regression of DBD(vol) against percent carbonate revealed only a weak 
relationship (r2=0.321) however downcore comparison of the two measures 
indicates that the relationship may be weakened by compression in the core, 
affecting DBD(vol) but not the carbonate values (figure 4.19 a). Adjustment 
of the carbonate bulk density values for compression was made by deriving 
simple regressions for both data sets against depth. These fitted lines 
represent 'mean' values and clearly demonstrate the non-stationarity of the 
volume bulk density values. The difference between volume bulk density 
regression and the y-intercept of the carbonate regression (stationary) at each 
sample depth was subtracted from the initial carbonate density estimation of 
each sam ple to derive the final value of DBD(C0 3 ) (figure 4.19 b). The 
agreem ent between DBD(vol) and DBD(C03) is much improved (r2=0.759) 
(figure 4.19 c) and more im portantly all the im portant features of the 
DBD(vol) record are duplicated by the carbonate derived record. Ultimately 
it is the ability to reproduce the magnitude, range and detail of the ideal 
record which is im portant, rather than the construction of a detailed 
physically correct model.
E26.3 Bulk Density
With very few points for comparison, DBD(C03) in E26.3 was calculated 
using the relationship between DBD(vol) and carbonate content found in 
E26.4. Available DBD(vol) data show that the carbonate-based values are a 
good approxim ation, with the same exceptions noted in E26.4 (figure 4.20) 
for tephra.
E26.4 Bulk Density
There is no detectable compression in the record of bulk density from E26.4 
(figure 4.21 a). Most of the variability in bulk density is explained by 
lithology (figure 4.21 b), although there are im portant exceptions. The 
tephra at 317 cm is distinguished by its bulk density 'anomaly', because non­
carbonate, non-clay m inerals contribute to the bulk density (table 4.3). 
Intervals of zero carbonate have lower DBD(vol) than accounted for by the 
model, possibly because of post-depositional dissolution of fine carbonates. 
The relationship between DBD(vol) and carbonate content (r2=0.682) gives
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Figure 4.13 E39.75 PC Dry Bulk Density
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Figure 4.15 SO-36-61 Dry Bulk Density
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Figure 4,19 E39.72 Dry Bulk Density
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maximum errors of =20% in bulk density estimated from carbonate content, 
where carbonate is absent, but generally less than 10% (figure 4.21 c). Final 
figures for bulk density were those of DBD(C03) plus m easured volume 
bulk density for tephra samples.
4.3 Calcium Carbonate Content and Accumulation Rates
4.3.1 Methods
Both total and coarse carbonate contents were determ ined for most cores. 
The >130 pm fraction was isolated by sieving, after soaking in distilled water 
or weak hydrogen peroxide (E39.72 only) for some time. The material 
retained on the sieve was dried at 40°C and weighed. The proportion of 
aggregates of fine particles in the coarse fraction was estimated visually and, 
where significant, adjustment made to the coarse-fraction weight. Apart 
from aggregates of clays and fine carbonates there were no significant non­
carbonate contributors to the coarse component. The coarse fraction content 
was not determined for E39.72, E26.4 or E26.3 since most material retained 
on the 130 pm sieve in low-carbonate sediments is clay aggregates which are 
very resistant to dispersion.
Chemical determination of carbonate was made on whole or sub-samples 
using a 'carbonate bomb' device. Fine fraction (<130 pm) sub-samples were 
freeze-dried and portions of weighed powdered sediment placed in a flask. 
A small volume of acid (20% nitric) in a plastic vial was upset in the sealed 
vessel and gas released from the reaction fed into a second, water filled, 
vessel from which displaced water was collected. The amount of liquid 
displaced is equivalent to the volum e of gas released and therefore 
proportional to the weight of calcium carbonate present in the sample. The 
device was calibrated with a pure calcite powder standard during each run. 
Repeat analyses showed that the method was accurate to better than 0.5%.
The percentage of coarse carbonate (>130 m) and total carbonate (coarse and 
fine) were calculated and these values used to calculate mass accumulation 
rates (MAR). The product of sedimentation rate and dry bulk density yields 
the bulk sediment MAR (g /cm 2/ky) and the proportion of this which is 
con tributed  by carbonates (Carbonate MAR) is derived  sim ply by
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multiplying the bulk sediment MAR by the carbonate content. In this way 
total and coarse carbonate MAR can be independently determined.
4.3.2 Carbonate Records
E39.75
The carbonate contents determined for samples from the trigger core and 
the overlapping portion of the piston core demonstrate the reproducibility 
of the results (figure 4.22 b and d). Despite the independent chronology and 
the evidence (above) for loss of sediment from the upper part of the piston 
core, the major peaks in the trigger core record are also seen in the piston 
core without any obvious displacement.
The carbonate log of E39.75 shows a remarkable change in character after 350 
ky (figure 4.22 b). Before that time carbonate content was uniformly high 
but afterw ards became more variable and less abundant. This change 
occurred at the sam e time that sed im entation  and bulk  sedim ent 
accum ulation rates shifted from low uniform  values to higher, more 
variable values (figure 4.22 a). The record of carbonate MAR follows the 
pattern of bulk sedim ent MAR rather than carbonate content in that the 
highest carbonate accumulation rates are recorded in the top half of the core. 
The main peaks occur in stages 6, 8 and 10 but there are also peaks in sub­
stage 5.5 and during the last deglaciation. McCorkle et al.(1992) have shown 
that carbonate MAR is one of the most reliable measures of productivity 
available, especially in low sedimentation rate regions, if dissolution is not 
important. E39.75 lies just below the lysocline (Martinez, pers. comm., 1993) 
and fragm entation of planktonic foram inifera is greatest in interglacial 
stagesin the top of the core, synchronous with the cycles of dissolution 
which are seen in deeper cores in the Tasman. The carbonate accumulation 
peaks have probably been accentuated by dissolution but their presence in 
the low carbonate-content portion of the core indicates that they are not 
entirely dissolution features. They are therefore thought to preserve a 
record of surface w ater productivity , or at least a major increase in 
productivity from stage 10 onwards. Carbonate contributes approximately 
two thirds of the sediment in the bulk sediment MAR peaks. Obviously 
another component is contributing to the bulk sediment MAR after 350 ky 
and lowering the proportion of carbonate in the sediment.
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Coarse (>130 pm) carbonate is present at low levels throughout the core, 
except for one sample in stage 10 (figure 4.22 d). Coarse carbonate MAR is 
likewise low throughout the core, although higher in the total carbonate 
MAR peaks. There is no pattern of higher coarse carbonate abundance or 
MAR in low-sedimentation-rate sections of the core which would indicate 
w innow ing.
S 0-3 6-61
Carbonate MAR values reflect the strong influence of sedimentation rate in 
this uniformly high-carbonate core (figure 4.23). Carbonate content is lowest 
in the tephra layer at 260 cm (stage 10), but still high. The peak in carbonate 
MAR during this tephra interval may reflect a real stage 10 peak or be an 
artefact of the age model or mixing. There is a trend toward increasing 
coarse carbonate content in the core, reaching 30-40% in the late Pleistocene, 
however the reasons for this are not obvious since there is no correlation 
w ith sedim entation rates and the core is too shallow  for significant 
dissolution to have occurred (Martinez, pers. comm., 1993).
E26.1
Because of the high, uniform carbonate content the log of carbonate MAR in 
E26.1, is very similar in structure to the bulk sediment MAR record (figure 
4.24). Peaks of carbonate MAR, and therefore surface productivity, occurred 
in stages 2 and 6 with minor episodes in the transition between stages 4 and 
5 and in sub-stage 7.4. Coarse carbonate is more abundant than in E39.75, 
possibly the result of less fragmentation, but very uniform down-core, in 
intervals of high and low sedim entation rate alike. Patterns of coarse 
carbonate MAR are similar to total carbonate.
Cl/86 6GC3
Again high, uniform levels of carbonate content in this core result in great 
sim ilarity betw een the carbonate MAR and bulk sedim ent MAR records 
(figure 4.25). The higher coarse carbonate content in this core is very 
consistent, in both high and low sedimentation rate intervals.
C12/87 12GC9
Significant variability in the coarse carbonate content of this core appears to 
be unrelated to changes in the total carbonate content (figure 4.26 c). Total 
carbonate content is high and very uniform  over throughout the core 
(figure 4.26).
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E39.72
Carbonate content of this core is shown in figure 4.9 together with 
sedimentation rates. The derived carbonate MAR record is essentially that 
of carbonate content (figure 4.27 b), only the relative heights of peaks 
changing significantly. Accumulation rates, the difference between supply 
and dissolution in this case, are greatest in stages 2 and 6, reaching 2.5 
g/cm2/ky. Because of the poor time resolution in the bottom of the core 
accumulation rates are not particularly accurate.
E26.3 and E26.4
The carbonate records of E26.3 and E26.4 were shown in figures 411 and 4.12. 
For the reasons given above carbonate accumulation rates in these cores are 
not accurate; accumulation rates overall are lower than in E39.72 but 
highest in high carbonate intervals where sedimentation rates are also 
highest.
4.3.3 Discussion
Carbonate accumulation rate peaks in the top of the core tend to be common 
across the cores (table 4.8), certainly in stage 1/2 and stage 6. E39.75 is the 
only core not to record a stage 4/5 boundary peak while SO-36-61 does not 
show a stage 6 peak. Lower in the cores there is less commonality and a 
pattern of brief relatively low peaks which do not correlate between cores. 
This is also true of glacial stage 8, which is covered by 3 cores. The pattern of 
coarse carbonate accumulation peaks is even more scattered (table 4.8) with 
stage 2 and stage 4 peaks as well as a tendency for early and/or late stage 6 
peaks but poor correlation before 200 ky. Interestingly, the amplitude of the 
peaks in total carbonate accumulation rate reflects the overall sedimentation 
rates (decreasing to the north along the 160°E transect) but the pattern of 
coarse carbonate fluxes is reversed and actually increase, in absolute terms, 
to the north. The dual trend toward higher carbonate accumulation rates 
toward the present (table 4.8) and toward more widespread high 
productivity events is interesting in that it suggests that the pattern which 
we may consider 'typical' of glacial cycles is a relatively recent development.
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The carbonate mass accumulation rates presented above are useful in the 
discussion of possible winnowing of sedim ent on the Lord Howe Rise. 
None of the cores show coarsening of the sediment during intervals of low 
sedimentation rate, as might be expected to result from winnowing. The 
absolute accum ulation rate of coarse carbonate also increases in the 
northern, low sedimentation rate, cores whereas higher relative abundance 
but lower accumulation rates might be expected to result from winnowing. 
The pattern of variability of carbonate MAR, may be the result of regional 
patterns of productivity. The relative coarseness of the sediments may be an 
ecological effect reflective of total productivity and the balance between 
phytoplankton and zooplankton or, alternatively, preferential dissolution of 
foraminifera in deeper cores (E39.75).
The causes of the variations in phytoplankton and zooplankton flux and 
relative abundance are not investigated here but clearly w arrant further 
attention. Sensitivity to ultra-violet, limitations of cloud cover, availability 
of nutrients or temperature change all suggest themselves as possible causes.
4.4 Aeolian Content and Accumulation Rates
In this section the isolation of the aeolian fraction and calculation of aeolian 
content and mass accumulation rates is discussed. Interpretation of the 
results will be m ade in chapter 7. The aeolian content of E39.72 was not 
determ ined because of the likely contribution of hemipelagics, however the 
accumulation rate of the non-carbonate component will be treated here. 
Estimates of the aeolian contribution to E26.3 and E26.4 are made from the 
non-carbonate fraction.
4.4.1 Methods
The method first proposed by Rea and Janecek (Rea and Janecek, 1981) and 
used in most studies of dust flux was used in this study to isolate the aeolian 
fraction. The aim is to remove biogenic and authigenic components from 
the sedim ent to leave only the aeolian fraction. This is fundam entally 
different from other approaches which aim to quantify only one part of the 
aeolian fraction, usually quartz. In attempting to quantify the total dust flux 
clay minerals, quartz, feldspars and other crystalline minerals are included.
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One of the difficulties, therefore, is to exclude crystalline minerals from 
other sources (Olivarez et al., 1991), for example volcanics and hemipelagics, 
which cannot be separated chemically. There are two elements to the 
technique then; the first is exclusion of contaminants and the second is 
removal. Sites were selected to exclude obvious sources of contamination 
(except E39.72 which was excluded from this part of the study) and the 
removal of contaminants, as discussed here.
Following Rea and Janecek (1981), three stages of chemical treatm ent were 
employed. The first, detailed above, was the removal of carbonate material. 
This was followed by a sodium  dithionite - sodium  citrate treatm ent to 
remove authigenic iron and manganese minerals and then treatm ent with 
sodium carbonate to remove biogenic opal (diatoms and radiolaria). The 
opal rem oval technique has been assessed in several studies (DeMaster, 
1980; DeMaster, 1981; Eggiman et al., 1980) and modified for removal rather 
than m easurem ent by Rea and Janecek (1981) who also use larger sample 
sizes (1 to 10 grams before carbonate removal, as opposed to 10-30 mg for 
opal removal, DeMaster). The sodium carbonate removes silica atoms from 
the clay lattices at a low rate compared to the removal of silica from opal. By 
halting the reaction after a short time (20 minutes) most opal is digested 
w ithout more than m inor dam age to the clay minerals. Following the 
chemical digestion steps the samples were sieved at 63 pm to remove coarse 
radiolaria and glass shards.
The efficiency of the m ethod or the degree of removal of opal were not 
determ ined directly, how ever supernatant from the sodium  carbonate 
treatm ent was tested (unquantitatively) and confirmed that some silica had 
been removed. Rea and Janecek (1981) determined that the precision of the 
technique was 2-3% commonly, up to 10%.
The overall effectiveness of the method can be assessed by examination of 
the am ount of material removed. Samples from E39.75 are shown in figure 
4.28 with carbonate content plotted against aeolian content (4.28 a). Two 
populations of samples are evident, both indicate that the two components 
are inversely related, as expected, but the larger group show greater loss of a 
third non-carbonate, non-aeolian component. The main group of samples 
are from the piston core while the smaller group comprises the trigger core 
samples and samples from the bottom of the piston core. The two groups 
were sam pled and treated separately until this stage and differ in size and
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some aspects of treatment. The minor group were larger (=lg compared 
with 0.2 g) and superficially it appears that this may have been the cause of 
the differences between the two groups. However, although there is a 
positive relationship between the weight of sample lost during the chemical 
treatments (after carbonate removal) and the initial sample size (figure 4.28 
b), the two groups still form two disjunct populations. Com pared to the 
larger samples, the group of small piston core samples have lost a greater 
amount of material for their size. Reagent strengths or real differences in 
the sediments were not responsible for the differences, nor could sediment 
lost in discard give rise to this phenom enon. Following rem oval of 
carbonates, and before sodium dithionite/sodium  carbonate treatm ent, the 
piston core samples were left soaking in a dilute acid solution for 11 weeks 
whereas the trigger core and lower piston core samples were left for less 
than 4 weeks. This is the only difference in treatm ent between the two 
groups of samples which may account for the different behaviour.
The samples from E39.75 and other cores show a very strong relationship 
between aeolian and carbonate content. Furthermore the distributions of 
samples from three cores, E39.75 (TC + bottom PC), C l/8 6  and SO-36-61, 
which have a large range of carbonate values, coincide. The regression 
relationship for C l/8 6  (r2=0.911) indicates a maximum aeolian content of 
75%, since the third 'authigenic and biogenic' component increases with 
aeolian content to 25% when carbonate is absent. For E39.75 the maximum 
aeolian content is 82%. These relationships suggest that the sodium  
d ith io n ite /so d iu m  carbonate-ex tractab le  com ponent is not in fact 
independent but is linked to the aeolian component; either it is part of the 
aeolian fraction or occurs together with it. Haem atite/goethite, for example 
is known to occur as a minor component of Australian dust (=5%) but may 
be at least partially removed by the sodium dithionite treatment.
The low abundance of opaline microfossils in Lord Howe Rise sediments 
was noted by Gardner et al. (1986) and only small quantities of radiolaria 
were observed in the >130 pm or >63 pm fractions in this study. Smear 
slides of several untreated samples also failed to reveal any diatoms. This is 
consistent with the observed lack of an independent non-carbonate, non- 
aeolian component.
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Figure 4.28 E39.75 Aeolian Fraction Extraction
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The material removed by the chemical treatments above was apparently 
mostly 'authigenic', iron and manganese compounds, or a portion of the 
aeolian component. The silica observed in the supernatent from the 
sodium carbonate extraction (above) may have been removed from quartz 
or clay lattices. If the latter is shown to be the case, and the sediments 
therefore have only two principle components (aeolian and carbonate) the 
results are affected only to the degree that the range of aeolian content is 
decreased. Relative changes in aeolian content would still be meaningful in 
that scenario. The samples from the E39.75 piston core seem to be the 
'exceptions', rather than the trigger core samples, based on the carbonate and 
aeolian contents of the other cores analyzed. Values of the aeolian content 
of E39.75 PC may therefore be underestimates.
4.4.2 Aeolian Records 
E39.75
Figure 4.29 shows the sequence of calculations in the derivation of the 
aeolian MAR record. Sedimentation rates in the trigger core differ from 
those in the piston core because of incomplete piston core recovery and this 
is seen as the divergence between the two records, increasing toward the 
core tops (4.29 a). Bulk density estimates for both cores are very close but, as 
discussed above, the values of aeolian content are quite different, probably 
the result of differences in sample treatment. The details of the aeolian 
content record from both cores aldose, although offset vertically (figure 4.29
fCc wkVvi
d), with minor peaks in aeolian. common to both cores. The trigger core 
values of sedimentation rate and aeolian flux are preferred to the values for 
the top of the piston core and MAR values for the piston core as a whole are 
very likely underestimates (see above).
The record of aeolian MAR in E39.75 (figure 4.29 e) is strongly influenced by 
the sedimentation rates (4.29 a) despite the strong variability in bulk density 
and relative aeolian content. Before 350 ky aeolian MAR was low and 
uniform (<0.05 g/cm 2/ky). In stage 10 the background MAR at this site 
increased dramatically (=0.15 g/cm 2/ky) and in stages 8, 6 and 2 there were 
periods of higher MAR, up to 0.5-0.8 g/cm 2/ky. Minor peaks are probably 
not reliably defined. The stage 2 peak occurred in the deglacial, after 20 ky 
and, on the basis of the chronology available, seems to have been of very 
short duration compared to the stage 6 peak. Clearly there is a long term
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trend evident in this core evidenced by a jump in aeolian MAR at 350 ky as 
well as increased MAR during the last three glacial stages.
SO-36-61
Low sedimentation rates and low aeolian content are reflected in very low 
levels of aeolian MAR at this site throughout most of the record (figure 
4.30). The peak of aeolian MAR in stage 10 is in fact the Rangitawa Tephra. 
The only significant truly aeolian peak recorded is the brief and rather small 
peak in stage 8, otherwise the several intervals of higher aeolian MAR are 
still too low to be significant. Given the decreased amplitude of the oxygen 
isotope record of this core for the last glacial cycle, bioturbation may well 
have p layed a role in both obscuring sedim entation rate peaks and 
smoothing the record of aeolian content. Certainly no large peaks in dust 
flux in stages 2 or 4 are seen, or appear likely from the generally low overall 
sedim entation rates and aeolian contents of the top metre. Except for the 
stage 8 peak there is no distinguishable glacial-interglacial pattern of aeolian 
flux, in contrast to the southern cores.
E26.1
The E26.1 record is rather straightforward; the aeolian content in the core 
has some similarities with the sedimentation rate record (figure 4.31) and 
therefore the sedimentation rate peaks in stages 2 and 6 become even more 
pronounced aeolian MAR peaks. Low aeolian content in stage 8, during a 
period of higher sedimentation rates, reflects low aeolian MAR. From 300 
ky onw ard aeolian MAR at this site increased from very low background 
levels (<0.05 g /cm 2/ky) to higher background fluxes (=0.1 g /cm 2/ky) with 
flux peaks in glacial stages 2 and 6. Dust flux was greatest in stage 2, both 
higher and more sustained than stage 6, and occurred during the glacial 
maximum rather than the deglacial. Holocene levels are again low, similar 
to fluxes experienced during stage 3. Dust fluxes were lowest in stage 5 but 
rose again toward the end of stage 5 (not stage 4).
C l 186 6GC3
In the short record from C l/8 6  pronounced peaks in aeolian content in stage 
6 and from 75-40 ky coincide with intervals of higher sedim entation rate 
and give rise to higher calculated rates of aeolian MAR in these two 
intervals (figure 4.32). Two minor peaks within stage 6 may well be real 
however the small 100 ky peak arises solely from the sedim entation rates 
associated with the age allocation of one point and is probably not reliable.
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The highest level of aeolian content in this core is 6% (figure 4.33), slightly 
lower than the content in the top of SO-36-61. If the low sedimentation rates 
of SO-36-61 were applied here the resultant values of aeolian flux would 
also be very low. In the absence of any reliable chronology for this core the 
actual rates of dust accumulation remains unknown.
E39.72
The accumulation rate of the non-carbonate fraction at E39.72 is shown in 
figure 4.34. This core almost certainly receives hemipelagic inputs from the 
Tasman Basin and Australian margin to the east and this is reflected in the 
very high flux rates. Certainly a large proportion of this flux may be aeolian, 
considering the fluxes experienced at E39.75 and the position of E39.72 much 
closer to the Australian continent. Non-carbonate fluxes increased from 
early stage 5 through to the top of the core (10 ky) and were also high in stage 
6. Earlier than stage 6 the record is affected by the poor time control and the 
effects of rapid changes in carbonate content on accurate sedimentation rate 
determ ination.
E26.3 and E26.4
Although the aeolian component was not directly isolated from samples in 
these cores, the relationship between carbonate and aeolian content found 
in E39.75 TC, C l/8 6  and SO-36-61 was used to make an estimate of the 
aeolian content in E26.3 and E26.4 (figures 4.35 and 4.36). The poor quality of 
the chronology means that the sediments are not an ideal record of aeolian 
flux. However after completion of the analysis of the better quality cores it 
became m ore than ever apparen t that inform ation from the southern  
Tasman Sea was critical and therefore these low quality records are 
considerably better than none.
The record of 'aeolian' MAR in E26.3 is essentially determ ined by the 
sedim entation rate. Increased bulk sedim ent MAR in high-carbonate 
intervals (an artefact of higher bulk density rather than sedimentation rate, 
in these calculations) is effectively cancelled out by lower 'aeolian' content 
to give a three step 'aeolian' MAR record (figure 4.35). This suggests that 
carbonate did not in fact significantly increase the sedimentation rates in the 
preservation peaks. Higher aeolian MAR is inferred for the period between 
the stage 6 term ination and stage 3.3. Before and after this period fluxes 
were lower, throughout glacial stages (2, 6 and 8) and interglacial stages (1
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and 7). With the lack of time resolution within this high MAR interval it is 
not possible to know whether flux was higher throughout, only in stage 5, 
in stage 5.5 or at the stage 4 /5  boundary, for example.
The E26.4 record is similarly strongly controlled by sedim entation rates 
(figure 4.36). The record of 'aeolian' MAR is somewhat noisy because of 
irregularities produced by the carbonate peaks; the effect on sedimentation 
rates which was not included in the chronology. Overall fluxes to the site 
were uniform with a period of elevated ’aeolian' MAR between 400 and 250 
ky. Dating within this period is poorly controlled however. The stage 5 
'peak', seen in E26.3, is not strongly developed in this core.
A lthough the rather poor chronology of these cores does not allow 
resolution of the isotope stages, both cores apparently  have received 
consistently high fluxes of non-carbonate, probably aeolian, material. The 
fluxes are of the same order of m agnitude as those received at E39.75, 
suggesting that neither erosion or turbidite additions have been significant 
at either site.
4.4.3 Discussion
The calculation of aeolian mass accumulation rates is highly dependent on 
sedimentation rate. In cores with poor chronological control real changes in 
MAR may not be detected while in well-controlled cores small changes in 
the assignm ent of ages can resu lt in significant altera tion  of the 
sedim entation rates, and therefore the calculated values of MAR. The 
m ethod is therefore sensitive both to lim itations im posed by the core 
records themselves and the limitations of the chronology used; SPECMAP. 
The basis of the SPECMAP chronology has recently been challenged 
(Winograd et al., 1992) and should those doubts be subsequently accepted the 
mass accumulation rates calculated here would need considerable revision. 
In practice, the principle differences betw een the SPECMAP and Devil's 
Hole records appear to be in stages 5 and 6 and the alternative chronology 
would see lower sedimentation rates in the longer stage 5 (5e) and higher 
rates in stage 6. Such changes would, as a result, enhance the observed 
pattern of glacial aeolian dust flux maxima observed in three of the cores 
discussed here; E39.75, E26.1 and C l/86 , and possibly also in SO-36-61.
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The timing of the dust flux peaks is summarized in table 4.9. The timing of 
the peaks is largely coincident with sedimentation rate peaks (table 4.6) 
(values of dust flux in E39.75 PC were adjusted upward for consistency with 
the trigger core for the purposes of comparison) although there are 
exceptions; both minor dust flux peaks which are not marked in the record 
of sedimentation rate and vice versa. This is also the case when comparing 
dust flux peaks and carbonate accumulation rate peaks (table 4.8). Stage 6 is 
marked by high dust fluxes in E39.75, Cl/86 and E26.1 but not in SO-36-61. 
Stage 2 is marked by high fluxes in E26.1 and for a brief interval during the 
deglacial in E39.75 TC, hindered by poor oxygen isotope resolution. Stage 8 
was a period of high dust flux at E39.75 and SO-36-61, but not at E26.1, while 
stage 10 is marked by an increase in background levels of dust flux to E39.75. 
Higher dust fluxes at the stage 4/ stage 5 boundary are recorded at Cl/86 with 
reasonable reliability but the very small peak seen in the E39.75 TC record 
may be beyond the level of accurate resolution. A small peak is seen in 
E39.75 and SO-36-61 at 290 ky (stage 8.6). The only peak in dust flux 
occurring outside glacial stages or cold sub-stages in any of the cores is the 
small peak at 210 ky (stage 7.3) in E39.75. Despite the numerous 'missing' 
peaks, then, the flux of dust to the Tasman Sea is overwhelmingly a glacial 
phenomenon.
The poorly-dated core E26.3 is the obvious exception to this rule. The long 
interval of high 'aeolian' accumulation rates between 55 and 130 ky includes 
all of stage 5, the last interglacial, but the detail of dust flux patterns within 
this period are unknown. In E26.4 the chronology is similarly deficient and 
hinders interpretation of the 'aeolian' flux record.
In chapter 7 the regional patterns and causes of variations in dust flux will 
be discussed further.
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Chapter 5 Size Properties of Australian D ust
Particle size is a widely-used parameter in studies of aeolian dust and its use 
is reviewed in Chapter 1. In conjunction with determinations of dust flux, 
size can be used to understand the importance of transport processes in the 
distribution of dust. However the particle size distribution of sediments is 
determ ined by both the material supplied to the system and the energy of 
the transporting medium. Rather than assuming that transport controls all 
aspects of the distribution, in this chapter I will discuss the role of supply as 
well. In this study the size distributions of samples from 5 cores were 
m easured. The three southern cores (E39.72, E26.3 and E26.4) were not 
analyzed.
5.1 M ethods
After chemical removal of organic silica and authigenic minerals (see 
chapter 4) the samples were sieved at 63 pm and then agitated in an 
ultrasonic bath for 5 minutes before particle-size analysis. The treatment of 
the sample with a strong base (sodium carbonate) prior to analysis acted to 
disperse the samples and fine particles remained in suspension overnight, 
while equilibrating to room temperature. Where samples were left in weak 
acid solutions after carbonate removal, addition of the sodium  dithionite 
solution caused precipitation of a white substance which remained through 
the subsequent sodium  carbonate treatm ent and affected particle size 
analysis. The precipitate could be dissolved by addition of a small quantity 
of acid, followed by rinsing, but the clays then became flocculated and could 
not be m easured accurately. Some samples from C12/87 have not been 
included in the results shown because of this problem. For other cores the 
samples were rinsed in distilled water prior to sodium dithionite treatment 
and the problem was circumvented.
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The distribution of the <63 pm fraction (all aeolian material, defined in 
chapter 4, was finer than 63 pm) was measured using a Horiba Centrifugal 
Automatic Particle Size Distribution Analyzer (CAPA-300) which utilizes 
both gravitational and centrifugal settling in water to m easure particle 
concentration by light absorbance. The specific advantage of the CAPA is its 
ability to analyze small samples (e.g. 0.1 g samples were analyzed) and it can 
also m easure a broad range of particle sizes through the combination of 
gravitational (coarse) and centrifugal (fine) settling. Comparison of the 
CAPA with a Coulter Counter shows that results are essentially the same 
above 2 pm diameter but that the Horiba undersizes standard latex spheres 
finer than 2 pm (Gippel, 1988).
Gravitational settling was used to measure the distribution of particles 
coarser than 10 pm, at 3 pm intervals. The number of sampling intervals in 
the CAPA is restricted to 21 equal divisions (despite almost constant 
m easurem ent), hence the odd, non-logarithm ic intervals. The <10 pm 
fraction was m easured using centrifugal settling at 0.5 pm intervals to 0.5 
pm diameter. The result printout from the machine often records an initial 
instantaneous drop in concentration followed by steady settling, which is 
reproducible. The size of this initial erroneous drop is not constant and not 
related to initial concentration, colour or any other character of the sample. 
The centrifugal distribution was therefore corrected by reference to the 
gravitational settling distribution. Within the gravity settling range isolated 
small coarse grain frequencies (<2% per interval) were ignored as machine 
error, after replicate analyses were made on some samples. Only in very few 
samples were concentrations of >5% recorded for particles coarser than 10 
pm. Results are given as volum e %, either in each size class or 
cum ulatively.
During the processing of all the samples a problem developed in the CAPA 
which affected the first samples run each day. The exact cause of the 
problem is unknown, initially it was thought to be variation in the speed of 
the centrifuge, although the built-in tachometer indicates otherwise. In any 
case, the warm ing-up problem causes spurious results for the first one or 
two samples, indicating a finer particle-size distribution (figure 5.1). The 
first core analyzed showed no signs of the warming-up problem while later 
cores show distinctly different distributions for repeat analyses of the first 
samples. First samples (in each batch of 12) have been excluded from the 
results of all cores except E26.1.
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Figure 5.1 Particle Size Distribution of E39.75 TC 109 cm
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Errors associated with these analyses are estimated from 10 repeat analyses 
made on E39.75 TC 109 cm, excluding 2 runs affected by warming up (figure 
5.1 a). The range of values determined at each measurement interval was 
4.5 - 6 percentage points over most of the range, but lower at the fine and 
coarse extremes. Expressed as a standard deviation, the errors of the value 
of the cumulative percent coarser than 2 pm, where the range is 6 percent, 
are ± 1.78. The size param eters Md and Mz (median and graphic mean) 
were calculated by interpolating the size, in micrometres, of percentile 
values and then converting to phi units. The range of values of Md is 0.25 
phi and of Mz is 0.12 phi (0.07 if 1 outlier is excluded).
Several indices of sample size and distribution can be used. In chapter 1 it 
was concluded that some measure of the size of the coarsest particles was 
most useful in understanding transport control of grains. I have used the 
frequency of grains coarser than 8 pm as a measure of this coarse end. Since 
nearly all grains are finer than 10 pm, the frequency at 8 pm is the coarsest 
interval where frequencies are sufficiently large to be reliable. It is also 
essentially the same as the value of 5V /5  logD (see below) over this size 
range. Alternative measures of the coarseness of the distribution are the 
size of the mode of the coarsest component and the size of the coarsest 
grains (actually the upper limit of the coarsest size class in which 2% or 
more of grains are measured; frequencies below 2% are unreliable). Two 
standard size parameters, median (Md) (the size of the 50th percentile) and 
graphic mean (Mz, Folk) ({dl6 + d50 + d84} /  3) were calculated as measures 
of the size of the whole d istribution . G raphic skew ness (Inm an) 
({dl6 + d84 - 2d50} /  (d84 - dl6}) and graphic standard deviation ({d84 - 
dl6} /  2) were used for convenience, rather than the 'inclusive' equivalents 
given by Folk (1974) because of the errors associated with m easurem ent of 
the coarse tail.
These param eters, which describe the whole distribution, are convenient 
because each sample can be represented by a single point but have the 
disadvantage of being rather blunt tools and assum ing a single regular 
population of grains. Following the differential method of Bagnold (1941) 
distributions for several samples were derived and draw n using the log-log 
plot devised by Bagnold (p ll5 ). This m ethod is now widely used to 
represent the size distribution of aeolian dust (Gillette et al., 1974; Junge, 
1979; Schutz, 1979), because of practical benefits such as ease of calculation 
and the clarity with which particle modes and distributions can be seen and
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interpreted. In particular, mixtures of populations are easily identified (see 
Bagnold, p i 18). For the level of analysis used here the question of the 
nature of the distribution, i.e. hyperbolic or normal, is not im portant 
(Bagnold and Barndorff-Nielsen, 1980; Christiansen et al., 1984; Fieller et al., 
1984; W yrwoll and Smyth, 1985). The differential of the cum ulative 
frequency curve is calculated (volume frequency % of grains in a size class 
divided by the log of the size interval) and plotted on a log - log field. A 
single 'regular' (see Bagnold) population will appear as a concave-down 
hyperbola with the mode indicated by the apex and the skewness of the 
distribution graphically illustrated by the tilt, or asymmetry, of the straight 
sides. Mixed populations can be detected either by the presence of distinct 
modes or kinked flanks (figure 5.1 b). The vertical units are relative 
measures of frequency, and can be interpreted as such, but are not percentage 
values. The method does not require logarithmically equivalent sampling 
intervals, making it ideal for the results given by the CAPA, but description 
is obviously im proved by having uniform , close sam pling to give 
maximum information. The eight repeat analyses of sample E39.75 TC 109 
cm not affected by the warm-up problem were used to calculate errors 
associated with this presentation. The mean distribution is shown in figure
5.1 b with one standard deviation error bars. For grain sizes finer than 8 pm 
there is reasonable reproducibility such that two modes can be reliably 
determ ined. The coarse tail, greater than 8 pm diam eter, cannot be 
interpreted reliably for this sample.
In addition to these purely procedural sources of error there are others 
occurring during, or even before, sampling. Bioturbation in the upper 
sediments disturbs the stratification and may mix layers of initially different 
particle-size distribution character. This is com pounded in the sampling 
process, where 1 or 2 cm of sedim ent is taken from the column and 
homogenized before analysis. Such homogenization may act to combine 
populations of grains which were deposited separately.
5.2 Particle-Size Records
E39.75
Particle size distributions were determ ined for both the piston core and 
trigger core samples and compared over their common time interval to 
further cross-check the total errors. Figure 5.2 compares the upper 120 ky 
interval of both cores for four expressions of particle coarseness and size
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distribution. Both median and graphic mean diameter (5.2 a and b) show 
generally close agreement, in terms of the distance or area between the 
curves, however identification of peaks in both cores is less satisfactory, 
even allowing for problems of mismatched chronoology. The amplitude of 
the variations is, however, quite small (compare with figure 5.3). The size 
of the coarsest (significant) grains (figure 5.2 c) shows even less agreement, 
with the one significant peak in the trigger core record apparently absent 
from the piston core record. The proportion coarser than 8 pm (figure 5.2 d) 
provides a marginally better association. A peak of coarse grains around 60 
ky in represented in both cores but above that point there is poor agreement. 
Again, the disagreement in absolute terms is not great but the identification 
of 'peaks’ is poor. The larger amplitude event around 60 ky is generally well 
recorded and this can be used as a guideline for the am plitude of event 
which can regarded as reliable.
The overall sediment texture of the piston core samples is fine silty with, on 
average, 30-35 % clay-sized particles (figure 5.3). Growth of the peaks in the 
size abundance records represent an excess of grains in that size class, while 
a decrease in the am plitude (dying out of the peak) indicates lower 
frequency. In the bottom part of the core (e.g. 550 cm) peaks can be seen to 
reach their maximum amplitude in the middle size range, while others (e.g. 
730 cm) have greatest amplitude in the coarse range and die out in the fine 
sizes. These differences in the coarse and fine ends of the spectrum are not 
the result of sim ple overall coarsening or fining of the distribution. 
Consequently size indices such as the percentage coarser than 8 pm, Mz or 
Md differ in their downcore pattern (figure 5.4 a and b). These results 
suggest that param eters such as Md or Mz are not reliable alternatives to 
m easures of the coarseness of the sam ple, which is of m ost use in 
reconstruction of wind strength.
The size distributions of samples from the piston core between 608 and 658 
cm depth  (figure 5.5) cover an interval w here the frequency of the 
intermediate size classes (3-6 pm) increases with depth (figure 5.3 a) but the 
% >8 pm decreases (figure 5.4 b). The distributions of samples 648 cm and 
658 cm clearly show at least three significant modes, one between 1 and 2 
pm, another near 3 pm and a third and possibly fourth coarser still. Up the 
sequence (stratigraphically) the relative importance of the coarser modes (5-7 
pm) decreases and the distribution becomes much 'broader', almost flat, in 
the sizes between 2 and 5 pm. These relative changes in the abundance of
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the different components seem to explain some of the contradictory 
behaviour of the different size indices.
The frequency of grains coarser than 8 pm fluctuates over a range of 10% (5- 
15%) and therefore some of the larger shifts are greater than background 
noise levels (figure 5.4 b). Increased sampling density at the top of the core 
(both spatially and temporally) shows a noisy record but there are several 
distinct large peaks of coarse fraction abundance over the million year 
record. These peaks do not have any obvious relationship to the isotope 
stages (compare stages 2, 6 and 8) or to the record of dust flux or 
concentration (chapter 4). In the upper part of the core there is an influx of 
coarse dust from 80ky onwards, however there is poor resolution in this 
section of the piston core. The size distributions of samples in figure 5.5 
show that the abundance of the coarse component (=6 pm) of the dust is not 
reflected in the minor changes in the abundance of the >8 pm fraction.
The overall dust size shows a change in character above 500 cm, or after 350 
ky (figure 5.4 a). The earlier sediments show greater variability and are 
coarser overall. The younger sedim ents show high frequency, low 
amplitude changes and are finer. This change coincides with an increase in 
the flux of dust to this site after 350 ky (chapter 4), but no change is detected 
in the frequency of coarse grains. The change in size and variability above 
500 cm is accompanied by a decrease in skewness, in these fine-skewed 
sediments (figure 5.4 c) and an increase in the standard deviation (figure 5.4 
d), toward even more poorly sorted dust. The decrease in sorting suggests 
that after 350 ky increased addition of the very fine components occurred, 
while prior to that time low-frequency fluctuations in the mix of the 
components occurred.
The shorter trigger core record covers the period from 110 ky to the 
Holocene. The complete size distribution (figure 5.6 a) clearly shows two 
broad peaks in the frequency of coarse grains. The two coarse peaks, =20 cm 
and 60-70 cm, correspond with stages 2 and 4 respectively, with the stage 4 
peak being more prominent. The fine interval during stage 3 in the trigger 
core is at variance with the (less reliable) piston core record (figure 5.2). Both 
peaks are also evident in the record of the >8 pm fraction (figure 5.7 b). 
There is disagreement between the cores over the character of the stage 2 
and stage 4 in tervals, probably because of the large errors in the 
measurement of the low frequency coarse tail.
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The relationship between relative coarseness (Md or Mz) and skewness 
observed in the trigger core is the opposite to that in the lower part of the 
piston core; i.e. coarseness is accompanied by less fine-skewed distributions 
(figure 5.7 c). Three prominent, short fine intervals in the top of the piston 
core show the characteristic trigger core pattern, however, suggesting a very 
complicated pattern of size distribution changes.
Size distributions of trigger core samples are notable for the lack of clear 
modal peaks (figure 5.8), having instead irregular but rather even 
distribution over a wide range of sizes. The total distributions for the core 
(figure 5.6. a) show most variability in the coarse fraction and this is evident 
in the individual frequency distributions (>7-8 pm).
Although it is tempting to conclude from the short trigger core that there is 
an association between climate and dust coarseness, comparison with the 
longer piston core record shows that there has not been a clear association 
over even a single full glacial cycle and therefore the coincidence may not 
reflect a causal relationship at all. Changes in the median or mean size and 
skewness of the sediment are largely due to mixing of several components, 
without necessitating changes in the modal sizes. These components vary 
independently, explaining the differences in trends indicated by the different 
size indices.
E26.1
The texture of the sediments from E26.1 is finer, overall, than E39.75 and 
this is reflected in both the frequency of grains coarser than 8 pm (5-10%) 
and in the slightly higher frequency of clay-sized particles (20-40%) (figure
5.9 a). There are intervals in the core when the texture is coarser than E39.75 
(e.g. the core top), and overall the core is characterized by a broad range of 
median sizes even though the median size is within the fine silt range 
throughout the core (figure 5.9 b). In the finer size classes, and the logs of 
Md and Mz, a grossly sinusoidal pattern of size change is observed (figure 5.9 
b) and this is also evident in the record of coarse fraction frequencies (figure
5.10 b), even though the range of values here is mostly within the range of 
experimental error. The median size has become steadily coarser since 40 ky 
(c.f. 70-80 ky at E39.75) and prior to that had been fining since 100 ky (figure
5.10 a). These cyclic changes in texture are not coincident with the oxygen 
isotope record of climate change in detail however, at the grossest level of
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generalization, glacial stages and interstadia (stage 3, early stage 6) are finer 
than interglacials. Glacial maxima are not prominent in the size record.
The skewness of the distributions of samples in this core contrast with the 
strongly fine-skewed sediments of E39.75 (figure 5.9 c). Samples in E26.1 are 
not as extremely skewed as those of E39.75 but cover only a slightly narrower 
range from fine-skewed to symmetrical and coarse skewed. Coarser samples 
tend to be fine-skewed, and vice versa, the same relationship observed in 
the E39.75 piston core. Sorting is poor in E26.1 sediments, but slightly better 
than E39.75.
These patterns in the various size indices are the result of the changing 
relative abundance of different component populations w ithin the dust 
(figure 5.11). As in E39.75, it is the relative abundance of the finer 
components (mode =3 pm in particular) and the 7-8 pm component which 
control the fineness or coarseness, respectively, of Mz and Md. In the main, 
the 7-8 pm mode component is less abundant in E26.1. Skewness is also 
determined by the balance between the two components, being fine-skewed 
when the 6-7 pm component is dom inant and coarse skewed when this 
component is less abundant. The abundance of the coarsest component (>8 
pm) is highly variable (figure 5.11) but generally low, in agreement with the 
record of % >8 pm.
SO-36-61
The size distribution of the dust in core SO-36-61 is very similar to that of 
E39.75 TC, being dom inantly fine silt with approxim ately 30% clay-sized 
grains (figure 5.12 a) and 7-17% grains coarser than 8 pm (figure 5.13 b). The 
frequency of the >8 pm fraction is lowest in short intervals near 15, 60 and 
130-150 ky, i.e. glacial stages, in the top of the core but high in late stage 8 and 
stage 10 (below the level of the tephra). There is no consistent relationship 
between the isotope stages and the abundance of the coarse fraction. Over 
much of the core there is general agreement between the trends indicated by 
the abundance of coarse particles and the graphic mean, but less agreement 
with the median value (figure 5.13). The distributions are fine-skewed to 
varying degrees (figure 5.13 d) and poorly sorted (figure 5.13 e).
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The size distributions of samples covering the upper 44 cm are shown in 
figure 5.14. The existence of a range of fine and coarser components is 
reminiscent of the E39.75 TC samples and similarly differences between the 
samples are quite subtle. The abundance of the coarsest component appears 
to increase with depth initially, as does the % >8 pm. The changes in the 
various components are apparently independent, leading to the conflicting 
trends of the various size indices. Compared to E39.75, the size distribution 
of SO-36-61 differs mostly in the greater relative abundance of the coarse (>8 
pm) component in the latter core.
In this core two alternative measures of coarseness were compared with the 
abundance of the >8 pm fraction; the mode of the coarsest component and 
the size of the coarsest grains (actually the upper limit of the coarsest size 
class in which 2% or more of grains are measured; frequencies below 2% are 
unreliable). The coarse mode shows little variability (figure 5.13 c) and this 
is in part due to the poor resolution and low accuracy in this part of the 
distribution. The size of the coarsest grains shows almost the same range of 
sizes and the several distinct peaks of coarser grains are coincident with 
increases in the abundance of grains >8pm, as expected (figure 5.13 b and c). 
In the record of coarse grain abundance a succession of 'cycles' or peaks in 
abundance is apparent (figure 5.13 b) with an am plitude of up to 10 
percentage points. Six such cycles can be distinguished over a 400 ky 
interval, implying an average period of approximately 65 ky. Thus, while 
the regularity is intriguing, the peaks or troughs do not match consistently 
with Milankovitch frequencies or prom inent climatic events in the isotope 
record. Neither is there any relationship with dust flux. If these intervals of 
coarser dust do represent periods of more energetic transport, rather than 
changes in the supply of the various components, the changes in wind 
speed were either minor or they have occurred somewhat independently of 
the major climatic changes which have occurred over the last several glacial 
cycles.
Cl/86 6GC3
The size distributions of samples in this core are very uniform and much of 
the variation in size indices (Md and % >8 |im) is in the range of 
m easurem ent error (figures 5.15 and 5.16). The overall distribution is 
similar to E39.75 with 30-35 % clay-sized grains and 10% coarser than 8 pm. 
The distributions are fine-skewed, although less so than SO-36-61 sediments,
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and skewness is lower in the bottom half of the core (figure 5.16 c). Sorting is 
poor throughout (figure 5.16 d).
The only reliable change in the proportion of the coarse fraction >8 pm 
occurs in the core top with maximum values (=16%) in the interval from 60 
ky to 50 ky. This peak is not seen in the Mz record. This uniformity is more 
rem iniscent of the top of E39.75 than SO-36-61 how ever the overall 
sediment size is transitional between those two cores.
C12/87 12GC9
The size distribution of samples from this core are clearly distinctive from 
all the others examined. Both the complete size distribution (figure 5.17 a) 
and all the size indices show that the dust in this core is significantly finer 
(figures 5.17 b, 5.18). Because of the problems encountered in the treatment 
of this core (see above, 5.1) the significance of the changes in size 
distribution is questionable, however since the precipitate form ed in the 
rejected samples had the effect of increasing the median size and % >8 pm 
the general fineness of the core is not the result of this contamination. 
Likewise the high proportion of clay-sized particles (=40%) is a genuine 
indicator of the abundance of the fine components in this core.
5.3 Discussion
5.3.1 Transport Effects on Size Distributions
The size distribution of a population of grains subjected to a w ind with a 
velocity just strong enough to transport the modal sized grains will be 
sorted and the distribution, as the coarsest grains are sequentially removed, 
will change such that the modal size will become finer and the distribution 
positively (fine) skewed (Bagnold, 1941). Since only grains coarser than the 
largest supported  by the w ind are rem oved (from the transported  
population), the distributions of finer populations in mixed samples are not 
altered (Bagnold, 1941). Their relative abundance, however, is affected by 
the removal of coarser grains. These principles, developed by Bagnold in 
the description of saltating sand grains, are applicable to suspended fine dust 
particles also (Junge, 1979; Schutz, 1979) and have been found to fit 
observations of transported Saharan dust (Schutz, 1979).
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From these principles it is obvious that the size of the coarsest mode in a 
sample is the part of the distribution of a wind-transported sample which is 
responsive to the velocity of the wind strength (velocity and turbulence) but 
only if the wind is near the critical velocity for those grains. Since the fine 
fraction of the sample, where more than one component is present, is not 
sorted by the transporting wind the median or mean size of the sample or 
the abundance of a specific fine size fraction is not necessarily limited by the 
transporting wind. Consequently, variations in the modal size of fine 
components and their relative abundance are the product of changes within 
the source material.
This discussion, and most accounts of the size distribution of dusts, assume 
firstly that all the suspended dust particles are free and not bound into 
aggregates. Fine particles, especially but not only clays, in aggregates would 
have size distributions independent of the size distribution of the aggregates 
themselves. Aggregates themselves may or may not be sorted during 
transport, depending on their size. Secondly, in any sample covering, say, 1 
cm of core depth  perhaps hundreds of individual dust events over 
hundreds or thousands of years are mixed together. As a result the total 
sample distribution will only indicate the critical size of grains carried 
during the strongest (common) events during that period. If, as is the case 
in the equatorial North Atlantic, there were distinct seasonal transport 
systems each with distinct source areas and sedim ent types the size 
distribution may only yield information about the strength of the strongest 
of the two wind systems.
5.3.2 Transport Effects on Tasman Sea Dust Size Distribution
In the presentation of results from each of the cores I have not recorded the 
changes in the modal size of the coarsest component for several reasons, 
outlined in the discussion of SO-36-61; the distribution is complicated by 
several overlapping components, the low frequency of grains in this size 
range makes accurate interpretation of the m ode difficult and there is 
essentially little variation between samples and betw een cores. Model 
results from the Sahara/N orth Atlantic indicate that a decrease in the modal 
diameter of 2 pm over 1000 km is expected for that system (Schutz, 1979). 
Although the variability within the Tasman Sea samples is of this range
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there are no consistent differences between E26.1 and the two cores 
approximately 1000 km closer to source. Either there is no difference over 
this distance in the Tasman Sea, as Schutz found in m easurem ents of 
Saharan dust (1979), or the differences are not seen in the distributions 
because of either m easurement error, because the m ode is too fine to be 
sorted by the transporting wind or because aggregates formed the coarsest 
mode.
Between samples in the same core there is some variation in the size of the 
coarsest mode, although it is not always possible to define it with certainty 
because of overlapping distributions and noise. The variations are noisy 
and trends are difficult to establish (e.g. figure 5.13 c), and this is in part due 
to m easurement uncertainty as the result of low concentration.
From the analyses of the size distribution of the Tasman Sea sediments it is 
possible to establish changes in particle size which may have been caused by 
variation in wind strength. However the significance of these variations is 
doubtful since no relationships with the climate record or history of dust 
flux was detected.
5.3.3 Influence of Supply on Tasman Sea Dust Size Distribution
In all the sam ples illustrated  above several com ponent populations 
contributed to the overall size distribution. Variations in the relative 
abundanace of these components control the overall size and coarseness of 
the sample. Therefore variations in the various size indices may contain 
real information on the composition of the aeolian dust transported to the 
Tasman Sea.
There are im portant and m arked differences in the size distributions of 
samples from the different cores. In particular, overall sediment size (Mz or 
Md) shows both spatial and temporal trends. In both E39.75 and E26.1 it was 
noted that the relative abundance of fine components (with modes 1-1.5 pm 
and ~3 pm) and the coarser component with mode 6-8 pm is responsible for 
shifts in Mz and Md, both dow ncore and apparently  betw een cores. 
Likewise the dominance of any of these components controls the overall 
skewness of the sample. Since these components are not sorted by the 
transporting winds the relative abundance must be controlled by supply.
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The five cores examined show that the fine and coarse components have 
different patterns of distribution. Taking average values of the three size 
param eters used (Md, Mz and % >8 pm), over the last 100 ky, the mixed 
assem blage is coarsest in the northw est (SO-36-61) and finest in the 
southeast (E26.1) (figure 5.19 a and c). The distribution pattern of Mz is less 
clear since there is less variation in this parameter between cores (figure 5.19 
b). The degree of skewness also decreases from northw est to southeast 
(figure 5.19 d), from very fine skewed to symmetrical. Sorting (standard 
deviation) also follows the same trend, becoming less poorly sorted toward 
the southeast (figure 5.19 e). All point to a mixture dom inated by coarser 
components in the northwest (hence the strongly fine skewed distribution) 
and a more equal contribution of fine and coarse components to the south 
and east
These relative measures of abundance must be presented as fluxes to allow 
true com parison. Far from suggesting a northern  dust source, the 
significantly higher flux in E39.75, relative to SO-36-61, means that fluxes of 
both coarse and fine components increase markedly to the south (figure
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5.20). The poorer distribution of the fine component to the north, relative 
to the coarser component, may be the result of different transport systems 
an d /o r a smaller source area. The overall finer size distribution at E26.1, 
despite the lack of firm evidence for transport control, suggests that dust 
reached this path via a southerly route, where fines dominate.
None of the cores examined showed any consistent relationship between 
dust particle size and climate, as indicated by the oxygen isotope record. 
Additionally, there is no relationship between size and flux of dust. The 
changes in dust size do not appear to occur at any Milankovitch frequency 
and are therefore likely to be the result of changes in the supply of the 
different components. Obviously these variations do not have a simple 
response to climate either.
5.4 Summary
The dust isolated from the Tasman Sea sedim ents comprises several 
independen t com ponent populations. Only the coarsest of these 
components may be subjected to sorting by the transporting wind, however 
the small range of variation indicates that the dust as a whole has not been 
affected by a large range of wind velocities. Other explanations are that the 
entire distribution was too fine to be sorted by the wind or that a part of the 
dust load was transported as aggregates which have since been dispersed.
Significant changes in the overall size of the dust are recorded but these are 
due to the changing relative abundance of finer components, not subject to 
sorting. These variations are not related to climate or dust flux and must be 
the result of supply controls on the various components.
Two components can be considered for convenience; a fine component with 
modal diam eter of approximately 3 pm and another with mode 6-8 pm. 
Both components have their maximum flux in the south (E39.75), although 
the coarse component dominates in all cores along the 160° E transect. The 
flux of the finer component decreases m ore rapidly tow ard the north, 
initially, resulting in increased dom inance of the coarse com ponent in 
C l/8 6  and SO-36-61. Flux of the coarse component decreases more rapidly 
away from Australia so that the two components occur in almost equal 
proportions at E26.1. The two components, and others, may be transported
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from different source areas or under different weather patterns, and later 
homogenized in the sediment record and by laboratory processing.
In core E39.75 there is a change in the size distribution of dust after 350 ky. 
Before this time fluxes were low and several low frequency cycles of particle 
size variation are evident; fining of the distribution occured as the result of 
addition of the fine com ponent, while in coarse intervals the coarser 
com ponent (6-8 pm mode) dom inated. After 350 ky the dust was 
consistently finer, with continual presence of the fine component. This 
change is synchronous with an increase in background levels of dust flux 
and other changes in non-aeolian characteristics of the sedim ent. A 
significant climatic event is implied where the supply of fine dust from 
Australia increased and remained high until the Holocene.
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Chapter 6 Mineral Magnetic Detection of
Aeolian Dust
6.1 Introduction
A relatively new field of study, mineral m agnetics, or environm ental 
m agnetism , has been applied to studies of recent sedim ents w ith the 
purpose of identifying the magnetic components and using them to trace 
the m ovem ent of m aterial or determ ine the relative contributions of 
different components to a site (Thompson and Oldfield, 1986). The ability to 
distinguish between different sources depends both on the existence of 
distinctive m agnetic ’signatures' and the ability to distinguish between 
them by appropriate laboratory techniques. The particular value of the iron- 
oxide minerals, which form the bulk of magnetic minerals present, lies in 
their diversity and sensitivity to the environm ent such that generally a 
diverse suite of minerals is present. In addition the ubiquity of iron in the 
environment means that most areas have some iron-oxide presence.
In this introduction I will simply discuss some of the aspects of mineralogy 
and magnetics necessary to explain the procedure followed and understand 
the results. In magnetics, particularly m ineral magnetics, the jargon is 
demonic and the confusion of symbols, units and words overwhelming. I 
have tried to follow Thompson and Oldfield (1986) in the use of units, terms 
and symbols where appropriate or possible. The magnetic parameters, their 
symbols, definitions and units, used in this study are summarized in Table 
6.1. Some of the commonly used terms for the properties of m agnetic 
minerals are defined below, in the next section.
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Table 6.1 Summary of Magnetic Parameters Used and Referred To
S y m b o l D e f in i t io n U n i t s
X m a ss -sp e c if ic  m a g n e tic  s u s c e p tib il i ty 10*8 m 3 k g *1
Xfd fre q u e n c y  d e p e n d e n c e  o f s u s c e p tib li ty % (of lo w -
(XLf-XHf ) /X l F f r e q u e n c y  X)
A R M a n h y s te r e t ic  r e m a n e n t  m a g n e t iz a t io n  
(m a ss  spec ific )
10"3 A  k g *1
*ARM s u s c e p tib il i ty  o f  A R M  
( A R M /m a g n e t iz in g  f ie ld )
m 3 k g *1
IR M is o th e rm a l  r e m a n e n t  m a g n e t iz a t io n  
(m a ss  sp ec ific )
10"3 A  m 2  k g *1
IR M 20 IR M  g ro w n  in  a f ie ld  o f 20 m T  (m illi-T es la )
S IR M S a tu ra t io n  IR M : m a x im u m  IR M  a c h ie v a b le  in
la b o ra to ry . A p p l ie d  fie ld  o f 840 m T
IR M . 100 IR M  p r o d u c e d  w h e n  a s a m p le  g iv e n  a n  SIR M  is th e n  
m a g n e t iz e d  in  a f ie ld  o f 100 m T  in  th e  o p p o s i te  d ire c t io n
IR M . 300 as fo r IR M -100 b u t  a  re v e rs e  f ie ld  o f 300 m T  is a p p lie d
Xa r m /S IR M in te r - p a r a m e tr ic  ra t io 10*5 A *1 m
IR M 20 /A R M in te r - p a r a m e tr ic  ra t io (n o  u n i ts )
S - ra tio -IR M -3 0 0 /S IR M  (B lo e m e n d a l) i t
IR M -io o /S IR M  (R o b in so n ) i t
H IR M 'H a r d  IR M '
(IRM _3oo+ S IR M )/ 2 (B lo e m e n d a l) 10*3 A  m 2  k g *1
SIR M -IR M -300  (R o b in so n ) 10*3 A  m 2  k g *1
T h is  S tu d y
a  v a lu e (X (C 0 3-free) - S IR M (C 0 3- f r e e ) ) /S IR M (C 0 3-free )
(re s c a le d  v a lu e s ) ( re la t iv e  sca le )
'D ' c o m p o n e n t -((IR M -300 /S IR M ) - (IR M -io o /S IR M )) ( re s c a le d  v a lu e s )
( re la t iv e  sca le )
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6.1.1 Properties of Common Magnetic Minerals in the Marine Environment
The tools of the mineral magnetist are magnetic susceptibility, anhysteretic 
rem anent m agnetization (ARM) and isotherm al rem anent magnetization 
(IRM). The susceptibility of a body is the ease with which it can be 
magnetised; i.e. the ratio of the magnetization produced to the strength of 
the field giving rise to it (Thompson and Oldfield, 1986). In figure 6.1 it is 
the gradient of the hysteresis curve near the origin. ARM is 'the remanence 
produced during the smooth decay of a strong alternating field in the 
presence of a weak steady field' (Thompson and Oldfield, 1986, 203) and is 
regarded as an 'ideal' remanence. IRM is the conventional remanence 
grown by the application and then removal of a magnetic field at constant 
room temperature. The maximum rem anent magnetization which can be 
induced is called the Saturation IRM (SIRM). Because of the hysteresis of 
the mineral the strength of the rem anent magnetization is lower than the 
induced m agnetization (figure 6.1). The area w ithin the hysteresis loop 
(figure 6.1), or the ease of magnetization, differs according to the structure of 
each mineral. The strength of the magnetic field which produces SIRM, the 
strength of the SIRM and the strength of the field which can then reduce the 
magnetization to zero (coercivity) define the size and shape of the hysteresis 
loop. In the absence of m easurem ents of m agnetization, rem anent 
magnetization produced in a range of forward and reverse fields can be used 
to characterize the hysteresis loop and thereby infer the mineralogy of the 
sample.
The naturally occurring magnetic minerals, in addition to other common 
'non-magnetic' minerals fall into one of several groups depending on their 
response to an applied magnetic field. Diamagnetic m inerals, in the 
presence of an external field, acquire a small field in the opposite direction 
to the applied field (Thompson and Oldfield, 1986). W ater, quartz and 
calcite are d iam agnetic (M ullins, 1977) and m ay give low negative 
susceptibility values to marine sediment samples in the absence of strongly 
magnetic phases. Paramagnetic materials, which have iron or manganese 
in their structure (Robinson, 1990), acquire a positive magnetization in the 
presence of an external field and m ay be m odest contributors to 
susceptibility (Mullins, 1977) but not to rem anent magnetization. Common 
exam ples in the m arine environm ent are ferro-m agnesian silicates 
(pyroxenes, amphiboles etc) and iron-rich clays, especially in the smectite 
group (montmorillonite, nontronite) (Mullins, 1977; Robinson, 1990). In
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Australian soils the common occurrence of iron-rich illite (Norrish and 
Pickering, 1983) may be the source of another paramagnetic mineral to the 
neighbouring ocean basins. The paramagnetic minerals have similar values 
of magnetic susceptibility to antiferromagnetic minerals (Mullins, 1977).
Magnetic minerals, which contribute to both remanence and susceptibility, 
fall into two groups: ferrimagnetic and antiferromagnetic. The first group is 
dominated by magnetite and maghemite, and their titanium-rich series, and 
to a lesser extent pyrrhotite  and m anganese oxides. M agnetite and 
maghemite have susceptibility values up to 4 orders of m agnitude greater 
than the antiferrom agnetic m inerals (M ullins, 1977) and saturation 
m agnetisation up to 200 times greater (Dunlop, 1990; Thompson and 
O ldfield, 1986). Because of the 'hardness' of haem atite and other 
antiferromagnetic minerals, they may have up to one fifth, or as little as one 
fiftieth, the saturation remanent magnetization of magnetite, depending on 
the size and shape of the magnetite (Thompson and Oldfield, 1986).
Perfect antiferromagnetism results from the balanced magnetic moments in 
alternate layers in the crystal structure  and the crystal has no net 
m agnetisation. In spin-canted antiferrom agnetic m inerals, such as 
haematite and goethite, sub-parallel layers give a net, small, magnetisation 
norm al to the gross direction of the m om ents in the lattice layers 
(Thompson and Oldfield, 1986). Because of internal magnetic anisotropy 
antiferromagnetic minerals are magnetically very 'hard', i.e. they acquire 
magnetization at relatively high applied fields and higher reverse fields are 
required to 'coerce' the remanence to zero again. The antiferromagnetic 
minerals, haematite, goethite and other oxide hydroxides, are distinguished 
from the common ferrimagnetic minerals by their lower magnetism and 
lower susceptibility but harder remanence and higher coercivity. True 
haematite and goethite are difficult to distinguish by isothermal techniques 
bu t because of their sim ilar env ironm enta l association  they can 
conveniently be considered as a single component.
All ferrimagnetic and antiferromagnetic minerals below a critical size are 
unable to maintain a perm anent magnetization because of the tendency of 
thermal energy within the crystal to destroy the m agnetization (Dunlop, 
1990; Thompson and Oldfield, 1986). However grains in this size-range are 
easily magnetized by an applied external field and because of their structure 
have a very considerable susceptibility, greater than single domain particles
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of the sam e com position (M aher, 1988). Such grains are called 
superparam agnetic. The m agnetism of superparam agnetic grains is lost 
when the external field is removed, with the time taken for complete loss 
increasing with grain-size toward the single-domain boundary (Butler and 
Banerjee, 1975). The susceptibility of grains in the zone of viscous 
remanence is proportional to the frequency of the applied field (Mullins and 
Tite, 1973) and this 'frequency dependence' is a useful m eans of 
distinguishing superparamagnetic grains near the single-domain boundary. 
Although fine haematite crystals can be superparamagnetic (Banerjee, 1971), 
magnetite and maghemite, if present, will dominate the superparamagnetic, 
and thus susceptibility, signal.
Magnetic properties of minerals of identical composition vary according to 
crystal size and shape. Some size-dependent characteristics of common 
minerals have been studied by Maher (1988) (magnetite), Banerjee (1971) 
(haem atite) and Clark (1984) (pyrrhotite). In m agnetite, saturation  
rem anence (SIRM) and anhysteretic rem anence (ARM) increase w ith 
decreasing size to the superparam agnetic boundary while susceptibility 
increases with decreasing size into the superparam agnetic zone and also 
shows a m odest increase w ith size in the m ulti-dom ain (coarse) field 
(Maher, 1988). Coercivity of remanence is inversely related to susceptibility 
and increases w ith grain size (Banerjee, 1971; Maher, 1988). In such 
experiments, grains are of uniform m orphology and variation in size is 
equivalent to an increase in volume. Volume can also vary with grain 
shape, which is known to influence magnetic properties (Dunlop, 1990; 
Mullins, 1977; Thompson and Oldfield, 1986), but its relative importance, 
compared with size, has not been studied specifically by experiments even 
though it has been incorporated  into m odels based on theoretical 
considerations (Butler and Banerjee, 1975; Mullins, 1977).
All rem anence m agnetizations and susceptib ility  m easurem ents are 
concentration-dependent, that is, the intensity of the m agnetization is 
proportional to the mass of m agnetizable m aterial. In the m arine 
environm ent one of the obvious ways in which concentration affects the 
magnetic signal is by 'dilution' of the m agnetic com ponent by calcium 
carbonate (Robinson, 1990). In fact, if magnetic grain properties are equal, 
the strength of the sediment susceptibility signal can be used as a surrogate 
for lithology (proportion of carbonate) (Robinson, 1990). The concentration 
of magnetic minerals in the inorganic component of marine sediments may
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also vary, especially if there is more than one source of detrital material. For 
these reasons, concentration-dependent paramaters, such as susceptibility, 
SIRM and ARM cannot be interpreted sim ply as records of changing 
mineralogy or magnetic grain size.
The response of sediment magnetic properties to the four factors:
-mineralogy (chemistry and crystallography)
-size
-shape
-concentration
allows differentiation of m agnetic components, if the relationships are 
understood and the properties can be measured, and is the basis of mineral 
magnetic analysis.
6.1.2 Tracing Aeolian Dust
Dust, being derived from erosion of soils and sedim ents of the arid 
continents, should  contain m inerals rep resen ta tive  of the surficial 
environm ent of the continents. The attraction of using the m agnetic 
component of dust as a tracer, especially in the marine environm ent, is 
threefold. Firstly the different chemical environments and sediment sources 
suggest that the magnetic components of continental material should be 
distinguishable from m arine authigenic or weathering com ponents and 
therefore that dust can be characterized magnetically. Secondly m odern 
techniques are highly sensitive and are readily applicable to sediments 
where magnetic concentration is less than 1% by volume (Thompson and 
Oldfield, 1986). Thirdly, magnetic measurements are non-destructive and 
rapid and so provide an attractive tool to be used in conjunction with 
chemical and sedimentological analyses.
Direct magnetic studies of m odern Saharan dusts (Oldfield et ah, 1985) 
collected at Barbados show differences in the magnetic character of summer 
and winter dusts consistent with average seasonal dust sources in Africa. 
The red-brown sum m er dusts, most probably from the Sahara, have an 
antiferrom agnetic ('haematite') signal while the grey w inter dusts have a 
ferrimagnetic ('magnetite') signal, consistent with an origin in the soils of 
the Sahel zone, the dom inant source of dust in winter. Saharan dust 
collected in the western equatorial Atlantic (Carder et ah, 1986) also showed
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high concentrations of Fe-rich minerals, suggesting that iron minerals may 
be a characteristic feature of Saharan dust either as independent grains or 
coatings on desert quartz.
In A ustralia  the common iron-oxide m inerals, goethite, haem atite, 
maghemite and magnetite are both common and w idespread products of 
pedogenic processes (Taylor et ah, 1983). G oethite and haem atite, 
responsible for the yellow and red pigmentation of soils respectively, are the 
most abundant soil iron oxides (Taylor et ah, 1983), reflecting the strongly 
oxidizing soil environm ent common throughout m ost of A ustralia, 
especially in the arid and tropical zones. Taylor et al. (1983) describe 
m aghem ite as comm onest in very w eathered soils of the tropics and 
subtropics but it is also common in more temperate regions where it may be 
form ed by high tem perature inversion of haem atite during  bushfires 
(Anand and Gilkes, 1987) or oxidation of magnetite. Magnetite is commonly 
found as a primary mineral in igneous rocks, or their weathering products, 
but can also be form ed by low -tem perature processes in soils both 
biologically (Fassbinder et ah, 1990) and inorganically (Maher and Taylor, 
1988; Maher and Thompson, 1991; Taylor et ah, 1987; Zhou et ah, 1990). In 
particular, the range of conditions under which biogenic and authigenic 
m agnetites are form ed is alm ost com pletely  unknow n so that 
generalizations about magnetite distribution are at present no substitute for 
actual examination of soils and sediments. In Australia, the presence of 
haem atite and goethite, but not magnetite, in dust (Mokma et ah, 1972; 
Walker and Costin, 1971) suggests the dominance of haematite and goethite 
in soils of the arid zone and also in Australian dusts. The m agnetic 
mineralogy of m odern Australian dusts is examined below using samples 
collected for this study.
6.1.3 Estimation of Dust Flux
Dust flux to deep-sea core sites has been estimated from relative strength of 
the aeolian/antiferrom agnetic signal. Robinson (1986) used a m easure of 
magnetic hardness as an index of relative aeolian contributions to cores in 
the N orth Atlantic. Subsequently Bloemendal et ah (1988) used the 
'accumulation rate’ of the same magnetic measure to estimate aeolian flux 
to equatorial Atlantic sites. Their method was to m ultiply the 'magnetic 
concentration' by the dry bulk density of the sample and the sedimentation
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rate determined for that sample interval. Magnetic 'accumulation rates' can 
only be calculated for parameters which are primarily responsive to absolute 
concentration (e.g. susceptibility or Bloemendal et al.'s HIRM, {IRM- 
300+SIRM}/2, hut see below). Petit et al. (1990) used the 'accumulation rate’ 
or 'flux' of susceptibility in their study as an index of aeolian input. 
Susceptibility is known to be highly sensitive to concentration (Mullins, 
1977; Robinson, 1990; Thompson and Oldfield, 1986), but also to mineralogy 
and grain shape and size (Mullins, 1977; Thompson and Oldfield, 1986). 
Therefore magnetic susceptibility accumulation rates may be meaningful 
only in sediments with a single magnetic component.
Bloem endal et al. (1988) also estim ated  ratios of ferrim agnetic to 
antiferromagnetic grains by reference to results of mixing experiments based 
on the effect on sample ’hardness’ of different proportions of the two 
components (Thompson and Oldfield, 1986). This technique is obviously 
useful for the estimation of accumulation rates only if one component in 
the sediment can reasonably be assum ed to have been constant or if the 
concentration of one component can be rendered in absolute terms. A 
mathematical approach to this problem has been made by Thompson (1986) 
who m odelled the size and concentration of m agnetite and haem atite 
components in a sample from remanence acquisition curves. To do this, 
mineralogy (chemistry) and domain state as well as shape were assumed. 
The model precluded superparam agnetic grains and mineralogies such as 
titano-magnetites. Recently Maher and Thompson (1992) applied the model 
to a case including an SP component. Such sophisticated versions of the 
model should be useful in analysis of the complex marine assemblages.
6.1.4 Magnetic Measurements
All samples for magnetic analysis were dried at 35°C for up to 1 week in 
p lastic  cuvettes, w eighed and packed w ith  cotton wool to prevent 
movement of the sample within the cubes. Samples were not crushed after 
drying since the sedim ent was later to be sieved for microfossils. The 
possible retention of detrital remanence was not determined, but was not 
considered important. ARM magnetization has been found to effectively 
destroy detrital magnetization in marine sediments (Johnson et al., 1975).
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Susceptibility m easurem ents were m ade on a Bartington susceptibility 
meter (M.S.2), located in the CSIRO Division of Water Resources, at two 
frequencies: 4.7 kHz and 0.47 kHz (low and high frequency respectively). 
Mass specific susceptibility (low frequency) was calculated and is used here 
with SI units; m ^ k g 'l. For one core (SO-36-61) a comparison was made 
betw een the Bartington m eter and a Digico m eter at the A ustralian 
Geological Survey O rganization/ ANU Black M ountain Palaeomagnetics 
Laboratory. The gradient of the regression of the two sets of measurements 
(12.418x10"3) is close to the expected factor for conversion between SI 
(Bartington) and CGS (Digico) units; 4k  x 10'3. The results from the two 
meters show a linear relationship at low susceptibility values (figure 6.2) 
giving confidence in the results obtained on the Bartington meter.
A nhysteretic m agnetization  was carried  ou t on all sam ples after 
susceptibility measurement. A peak AF field of 100 mT and DC field of 0.04 
mT w ere used. A nhysteretic rem anent m agnetization  (ARM) was 
m easured  on a M olspin m agnetom eter (CSIRO Division of W ater 
Resources) and is expressed either in SI units of A m ^ k g 'l or as the 
susceptibility of ARM, %arm in units of m ^k g 'l. %arm is the preferred form 
(Maher, 1988; O ldfield, 1991) since ARM generated in different field 
strengths can then be compared.
Isotherm al rem anence m agnetization (IRM) was generated in a pulse 
m agnetizer (CSIRO Division of W ater Resources) at three forward field 
strengths, 20 mT, 200 mT and 840 mT (IRM20/ IRM20 O/ IRM8 4 0 
respectively). IRM840 is also referred to as saturation isothermal rem anent 
magnetization, SIRM, as it is the largest remanence which can be produced 
on the pulse m agnetizer and is more than adequate for saturation of 
ferrimagnetic grains (Thompson and Oldfield, 1986). In addition two reverse 
field IRMs were generated, after SIRM, at -100 mT and -300 mT (IRM-IOO 
and IRM-300)- Remanent magnetizations are expressed in units of Am^kg'^.
To avoid inclusion of viscous remanence in m easurem ents, m agnetized 
samples were left for one hour, in the case of ARM, and 24 hours for IRM, 
before measurement. This is more than adequate time for the decay of the 
bulk of the viscous remanence according to Thompson and Oldfield (1986, 
figure 4.2).
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6.1.5 Materials
Two sets of samples were used in the mineral magnetic analyses; m odern 
dust samples from eastern Australia, to characterize the aeolian signature, 
and deep-sea core samples from the Tasman Sea. In all, 8 cores were 
sampled and analysed (figure 3.2), including 3 from the southern Tasman 
Basin which were not used for sedimentological analysis. Of these three, 
E39.72 has probably received considerable hemipelagic input from the 
Tasman Abyssal Plain, and ultimately Australia, and E26.3 and E26.4 contain 
too little carbonate material for a detailed chronology. These extra cores are 
valuable, however, in that they extend the range of marine environm ents 
studied and, being long cores, are ideal for exam ination of long-term  
changes in detrital com ponents and in sea-floor conditions, affecting 
diagenesis and authigenesis for exam ple. Core chronologies and 
sedimentological analyses are detailed in Chapter 4 and core descriptions are 
given in Chapter 3.
6.2 Methodology
In outline, mineral magnetics has been used to characterize the magnetic 
properties of the com ponents in sedim ents in term s of concentration, 
mineralogy, size and shape and thereby to differentiate those components. 
Modern dust samples were collected and characterized magnetically. Deep- 
sea sediment samples were then analyzed to identify the aeolian magnetic 
signal and thereby the concentration of the aeolian component.
6.2.1 Concentration of Magnetic Components
In natural sediments magnetic susceptibility and the intensity of remanence 
m easurements are largely dependent on the concentration of the magnetic 
m inerals. This is particularly  true of m agnetic susceptibility, w hen 
expressed as a mass-specific parameter, x (Mullins, 1977; Robinson, 1990; 
Thompson and Oldfield, 1986). The assumptions necessary for using % as an 
index of magnetic concentration are that mineralogy and geometry (size and 
shape) are constant.
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A major cause of variability of susceptibility in m arine sediments is the 
contribution of biogenic material, especially calcium carbonate. The effects 
of m ineralogy and geometry can be tested by recourse to rem anence 
properties, outlined below.
W ithin the non-carbonate portion of the sedim ent the variation of 
susceptibility and rem anence is also responsive to concentration. The 
'carbonate-free' values of magnetic parameters are calculated by the formula
p / a - c ) ,
where P is the magnetic param eter in question and C is the proportion of 
carbonate in the sediment (determined independently). This simple model 
assumes that the strength of the signal decreases linearly with increasing 
carbonate, such that at 100% carbonate there is no magnetic signal. In fact 
susceptibility reaches zero before 100% carbonate composition because of the 
diam agnetic properties of calcite (Robinson, 1990) and w ater, in wet 
sediments.
The effect of carbonate content on the strength of the susceptibility signal is 
illustrated in figure 6.3. Each of the four cores shows some evidence for 
dependence of susceptibility on carbonate content, and this is well illustrated 
by E26.4 (figure 6.3 d). Cores E39.72 and E39.75 demonstrate that by no means 
all of the variability of susceptibility in those cores is due to carbonate but 
that carbonate dilution may act on each of possibly two populations of 
samples (figure 6.3 a and b). In the discussion of results from each of the 
cores, below, only 'carbonate-free' values of susceptibility and remanence 
are used and shown.
6.2.2 Paramagnetic and Superparamagnetic Components
Two m ethods have been used to estim ate the param agnetic  and 
superparamagnetic (SP) component of the magnetic signal. In samples with 
high or m oderate values of x> the frequency dependence of x (/Cfd%) was 
calculated (Thompson and Oldfield, 1986). The susceptibility of grains below 
the single dom ain boundary  is dependent on the frequency of the 
magnetizing field. Measurements of susceptibility are made at 4.7 kHz and 
0.47 Hz and the difference between the high frequency (HF) and low 
frequency (LF) values expressed as a percentage of the LF susceptibility
Xfd% = ((Xlf - Xh f ) / X lf) x 100 ,
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Where the raw (bulk) values of susceptibility are below 5 x 10"® m®, and 
sometimes when less than 10'^ m®, Xfd% cannot be accurately determined 
above the background noise levels of the equipment.
The a  value - A New Method of Identification of SP Contribution 
For samples, or cores, with low values of susceptibility a new measure of 
paramagnetic and SP contribution, the a  value, was developed. Based on 
the observed relationship between % and SIRM (Thompson and Oldfield, 
1986), it was reasoned that SP grains in particular should contribute to % but 
not to SIRM. Plots of susceptibility against SIRM show remanence-carrying 
grains distributed on a diagonal line where distance from the origin (or 
increasing SIRM) is proportional to the concentration of m agnetite 
(Thompson and Oldfield, 1986, figures 4.8 and 4.9). All remanence-carrying 
ferromagnetic samples plot in a narrow  band outside which samples with 
antiferromagnetic and SP components fall.
The m ethod developed, illustrated by the example in figure 6.4, uses the 
distance from an ideal single-domain (SD) grain distribution as a measure of 
SP contribution. The difference from the assum ed SD distribution is 
proportional to the distance from the origin (because of the effect of 
concentration) and is thus norm alized against SIRM which used as a 
measure of the distance from the origin. The steps in the method are:
1. An ideal SD grain distribution is derived or assum ed. Since the 
technique was empirically derived, the SD distribution was taken as the 
linear portion of the distribution seen in plots of data from all cores. The 
line x -  10 + 3 SIRM, where % is measured in units of 10'® m®kg'l and SIRM 
has units of 10'® Am 2k g 'l ,  was used as the ’assumed SD' base against which 
all samples from all cores were compared (figure 6.4 a). % and SIRM values 
are expressed on a carbonate-free basis.
2. Values of x and SIRM are rescaled to arbitrarily chosen values of zero and 
one (for %, 0=10, 1=40; for SIRM, 0=0, 1=10). The ’SD’ distribution is now the 
line %=SIRM (figure 6.4 b).
3. The difference of the rescaled values of x  and SIRM are calculated, so that 
'SP' components are given positive values, for convenience. The difference 
between the rescaled values of susceptibility and SIRM (shown plotted 
against SIRM in figure 6.4 c) is divided by the rescaled SIRM value and 
termed the o value.
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In this method the relationship between susceptibility and SIRM is taken to 
be linear and is based on empirical observations of the several hundred 
marine sediment samples used in this study. Thompson and Oldfield (1986) 
found a logarithmic relationship in their compilation of 1000 samples. The 
regression found by them does not fit the Tasman Sea data. They explain 
the observed distribution purely in terms of concentration and size of SD, 
PSD and MD magnetite and largely ignore SP or mixed mineralogy samples. 
The Tasman Sea data set seems to be explained largely by concentration and 
size also, however in the absence of MD grains (with high susceptibility, see 
M aher, 1988) SD and SP grains are the principle components. Mixed 
mineralogy samples tend to plot as very low concentration SD magnetite 
samples on the susceptibility versus SIRM plot.
The choice of the 'SD' distribution is not rigorous and likewise the choice of 
zero and unity are arbitrary, however they are still useful if the limitations 
of the technique are borne in mind when interpreting the results. The zero 
a  value cannot be equated with zero SP contribution but instead indicates 
samples w ith equal SP contributions to real grains falling on the 'SD' 
distribution. The units of the scale are arbitrary but do provide a relative 
scale of SP contribution and allow comparison between cores. Some degree 
of scatter around zero may be due to particle size variation within the 
remanence-carrying population of grains.
To test the usefulness of the technique, and to understand the nature of the 
com ponent indicated by the zero value, a  values were com pared with 
reliable values of Xfd% from the same samples in core E39.72 (figure 6.4 d) 
and for all four southern cores; E39.72, E39.75, E26.3, E26.4 (figure 6.5). Zero o 
values cover a range of frequency dependence percentages up to 3-4%. 
Higher values of %fd% have increasing a  values indicating that a  values are 
useful descriptors for samples with large SP contributions. The degree of 
scatter in the higher range of Xfd% and o values may be due, in part, to the 
variable concentration of m agnetic com ponents in the non-carbonate 
portion of the samples. Some scatter, especially at the lower end of the scale, 
may be due to errors resulting from very weak raw susceptibility and 
remanence values for some samples.
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6.2.3 Mineral Characterization
The several different methods used in the literature to characterize the 
relative contributions of antiferrom agnetic and ferrimagnetic components 
to the total sedim ent m agnetic signal are based on the contrasting 
'hardness', or coercivity, of remanence between the two groups (figures 6.1 
and 6.2). To this end rapid estimates of, or surrogates for, the coercivity of 
remanence have been sought. Oldfield suggests three measures of hardness 
(Oldfield, 1991, Tables 1 and 2). These are similar in principle to the 
m easures suggested by Robinson (1986); IRM -ioo/SIRM  (=S-ratio) and 
SIRM -IRM -300 (= HIRM), and also by Bloemendal et al. (1988); -IRM- 
300/SIRM (=S-ratio) and (IRM-300 + SIRM)/2 (= HIRM). The HIRM is 
concentration-dependent and aims to m easure the concentration of 
haematite by the intensity of remanence remaining at IRM-300- Both of the 
S-ratio values attem pt to show the relative hardness of the sample by the 
relative strength of IRM-300 or IRM -ioo value and are therefore not 
concentration dependent (concentration corrections cancel out).
C oncentration-dependent HIRM was calculated for some cores but, in 
practice, was found to be affected by the strength of the SD magnetite signal. 
In E39.75 values of SIRM+IRM-300 were calculated (fig. 6.6) and compared 
with both the carbonate content and SIRM. The measurements used were 
not corrected for carbonate since, if HIRM is to be useful as a rapid measure 
of haematite concentration in the whole sediment (rather than in the non­
carbonate fraction), the raw values must be used. The HIRM values show 
m oderately good correlation with SIRM suggesting the im portance of 
ferrimagnetic contributions to the HIRM. HIRM is also clearly related to 
lithology in this core (figure 6.6 b and c) however the correlation with the 
aeolian content (chapter 4) is not high (r2 = 0.618) and certainly not good 
enough to predict aeolian content. The sediment in this core is essentially a 
two component mixture of carbonate and aeolian material (chapter 4) and 
the apparent correlation is probably due to the effect of carbonate content on 
the strength of the magnetic signal rather than a real determ ination of 
antiferrom agnetic contribution.
The version of HIRM used here, essentially the same as Robinson's (1986) 
HIRM, m easures the (mass specific) m agnetic m om ent reversed by 
application of a backfield of 300 mT to a sample previously saturated in a 
forward field. Whereas magnetite has essentially saturated at -300mT
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(figure 6.7 a) haem atite  grains are capable of fu rther significant 
m agnetization. There is how ever a very small p roportion  of the 
ferrim agnetic remanence acquired at these high field strengths which, 
because of the much stronger remanence of ferrimagnetics com pared to 
antiferromagnetics, may be equivalent to or greater than the unsaturated 
haem atite magnetization: i.e. only 3-4% of the m agnetite signal may be 
equivalent to 30% of the 'haematite' signal (figures 6.1 and 6.7 a).
M easures such as the S-ratio a ttem pt to characterize the dom inant 
m ineralogy, rather than the concentration of the antiferrom agnetic 
com ponent. The higher coercivity of haem atite m eans that SIRM- 
normalized backfield IRM ratios can be effective in distinguishing it from 
the softer ferrimagnetic minerals. In figure 6.7 the coercivity curves of 
magnetite and haematite are shown in idealized form. Magnetite has high 
negative values, close to -1, of both IRM-ioo/SIRM and IRM.300/SIRM while 
all values for haematite are lower negative. Because the behaviour of the 
whole sample is the result of addition of the remanence characteristics of all 
the individual com ponents, single values of concentration-independent 
param eters, such as the S-ratio, may be am biguous where m ixtures of 
m inerals and sizes are p resen t. N on-haem atite , non-m agnetite  
mineralogies are reported in the literature and were found in this study. 
Some of the range of mineralogies encountered is shown in figure 6.9 and 
examples from Oldfield and Robinson (1985, figure 10.4) and Thompson and 
Oldfield (1986, figure 4.11). To counter this problem a new m ethod of 
mineral differentiation was developed.
A N e w  M e t h o d  For D e t e r m i n a t i o n  o f  C o m p o n e n t  M i n e r a l o g i e s  
In this study I have used a further modification of the reverse field, SIRM- 
norm alized ratio technique to characterize the m ineralogies present and 
their mixing. The backfield, or coercivity, plots of magnetite and haematite 
are show n in figure 6.7 for a range of grain-sizes. The more rapid  
destruction of the m agnetite remanence (therefore 'soft') compared with 
haematite ('hard') is reflected in high negative values of IRM-ioo/SIRM and 
IRM -300/SIRM  for m agnetite and positive or low negative values for 
haem atite.
The modified technique can be described by reference to figure 6.7. Values of 
IRM-ioo/SIRM and IRM-300/SIRM are plotted against each other (figure 6.7 
b) so that each point effectively represents the 'shape' of the coercivity curve
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(Haematite (approximate) from Banerjee, 1971; Oldfield and Robinson, 1985; Thompson and 
Oldfield, 1986. Magnetite from Thompson and Oldfield, 1986; Maher, 1988; Thompson, 1986)
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in the area where magnetite and haematite show the most difference. Since 
the different mineralogies can be clearly located in different areas of the 
field, mixing between the components can also be detected. All magnetites 
plot in the extreme lower left of the field, with little scatter. Haematite plots 
further to the right, the exact position depending on the grain size. Fine SD 
haem atite has low negative values of IRM -ioo/SIRM  and interm ediate 
values of IRM-300/SIRM, however under-estimation of SIRM (grown in a 
field of 840 mT, less than the true saturation m agnetization) results in 
slightly higher negative values of both parameters for haematite. The upper 
and lower size boundaries of single domain haematite, 15 pm and 0.03 pm 
(Banerjee, 1971), suggest that only fine SD haematite is likely to be present, 
especially as a detrital component, in these sediments in view of the fine 
grain size of the aeolian dust (chapter 5).
Ideal values of both param eters for m agnetite and haem atite  were 
determined from examination of all (761) samples used in the study (figure 
6.8) and are summarized in table 6.2. In the case of magnetite a clear cluster 
was found in the lower left hand corner. The most extreme upper right 
points were chosen as the ideal haem atite values, i.e. w ithout magnetite 
contribution (see figure 6.8). Since these values are empirically derived they 
are specific to this data set, until reference samples of known mineralogy can 
be compared. Mixing of magnetite and haematite is seen where points fall 
along the line linking the 'pure' magnetite and ’pure' haematite values.
Table 6.2_________Ideal Values of Backfield Ratios for Mineral Components
C om ponent iRM .ioo/siRM 1RM.300/SIRM
H aem atite -0.25 -0.71
M agnetite -0.85 -0.96
'D' Com ponent -0.43 -0.95
Using the same method as above for calculating the a  values, samples not 
falling on the m agnetite-haem atite mixing line can be highlighted by 
calculating differences from the rescaled tie-line (where IRM -ioo/SIRM  = 
IRM-300/SIRM). The ideal values for magnetite and haematite were used to 
calculate the non-m agnetite/non-haem atite component, or 'D' (difference)
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component, seen in figure 6.8 as the group of points with high negative 
IRM-300/SIRM but lower negative IRM-ioo/SIRM than magnetite. The 'D' 
component is defined as -(IRM-300/SIRM - IRM -ioo/SIRM ), where both 
parameters are rescaled. The principle value of selecting 'ideal' values is in 
the ability to compare different cores, even though the scale and zero value 
are somewhat arbitrary. It can be seen that the ranges of magnetite and the 
'D' com ponent overlap on the IRM-300/SIRM scale and that the 'D' 
component overlaps with haematite on the IRM-ioo/SIRM scale.
The coercivity fields of the three common mineralogies are idealized in 
figure 6.9. Mixing between magnetite and haematite is also shown, as a set 
of non-intersecting curves. The 'D' com ponent curve intersects the 
magnetite-haematite mixtures, causing ambiguity in single parameters (e.g. 
IRM-ioo/SIRM) but allowing differentiation using two param eters. The 
ideal fields of the three mineralogies are indicated in figure 6.9 b, and these 
are shown on subsequent plots.
It can be seen from figures 6.7, 6.8 and 6.9 that IRM-300/SIRM is the best, 
m ost convenient m easure of antiferrom agnetic versus ferrim agnetic 
contribution. In discussion of the cores IRM-300/SIRM and the 'D' 
component values are used to describe the mineralogical composition of the 
samples.
6.2.4 Magnetic Granulometry
The observed dependence of many magnetic properties on grain (crystal) 
size has prom pted m any workers to try to characterize the size of the 
magnetic components in sediments or rocks by magnetic properties. Of the 
many used (King et ah, 1982; Maher, 1988; Oldfield, 1991; Robinson, 1986; 
Thompson and Oldfield, 1986) most are based on studies of sized samples of 
a single mineral, usually stoichiometric magnetite. The first precaution in 
applying m agnetic granulom etry should therefore be that m agnetite is 
present and that only variations of grain size within samples showing the 
same mineralogy (magnetite) are compared.
Measures of grain size are commonly derived by comparing two parameters, 
e.g. ARM/% (King et al., 1982), SIRM/% (Thompson and Oldfield, 1986) etc. 
Such in ter-param etric  ratios have the benefit of being concentration
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independent but those which involve % are not useful when there is an SP 
component because of the ambiguity of points either side of the SP/SD 
boundary  having the sam e values. Ratios w here two rem anence 
param eters are m easured are less susceptible to this problem  and are 
considered here. Specifically, IRM20/ARM (Oldfield, 1991) is sensitive to 
coarse m agnetite in the m ulti-dom ain (MD) and pseudo-single domain 
(PSD) range (> 1 micron) while Xa rm /SIRM (Maher, 1988) is sensitive to size 
variations in the SD range. Maher (1988) has also shown that Xa rm /SIRM is 
sensitive to the packing density of the grains in the sedim ent because 
interacting SP grains behave like SD grains.
Dependence of Mineralogy and Size Measures
As measures of fine and coarse grain sizes in magnetite, %a rm /SIRM and 
IRM20/ARM, respectively, are internally consistent, i.e. values found in this 
study could represent an array of magnetite particle sizes stretching between 
two end-points of different particle-size (e.g. samples from E39.72, figure 6.10 
a). However it is not clear from the literature how these param eters reflect 
non-magnetite mineralogy or grain size. All samples, no m atter what their 
mineralogy, m ust have values of XARm ' SIRM, IRM20 arid ARM and 
therefore also plot on the same fields. Are low values of xa r m /SIRM
therefore a true indication of the relative magnetite grain-size or do they 
reflect the properties of haematite?
Com parison of the ’size' param eters w ith IRM -300/SIRM  show s an 
apparent dependence (figure 6.10 b and c) which is most readily explained by 
mixing between two end-m ember populations which represent different 
m ineralogies rather than different grain-size groups. Indeed mixing 
between, or gradation of, magnetite grain sizes alone cannot account for the 
low negative IRM-300/SIRM values seen (figure 6.10 b and c, figure 6.7). At 
the very least there m ust be a haem atite population mixing with the 
magnetite.
We can propose two scenarios to account for the distributions seen in figure 
6.10: (a) two magnetite populations of different sizes, or a continuum  of 
sizes, are mixed with haematite, (b) a single population of fine-grained 
magnetite is mixed with haematite. Both scenarios tem porarily neglect the 
'D' component. The first scenario would require that fine magnetite never 
mixes with haematite (since we cannot observe high %arm /SIRM, low
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IRM 20/ARM  and low negative IRM-300/SIRM samples). It would also 
require that haematite only mixes with coarser magnetite, and that the 
m agnetite  becom es coarser as haem atite  increases in abundance. 
Additionally it would imply that although fine magnetite occurs without 
haematite, coarser magnetite always does (i.e. we never see low xarm/SIRM,
high IRM20/ARM, high negative IRM.300/SIRM samples). The modern 
dust samples show that typical coarse magnetite samples can occur without 
mixing with haematite (figure 6.11). In the second scenario all the patterns 
are explained fairly simply by mixing between the proposed fine magnetite 
population (high %arm /SIRM, low IRM 20/ARM , high negative IRM. 
300/SIRM) and the proposed haematite population (low Xarm /SIRM, high 
IRM20/ARM, low negative IRM-300/SIRM).
Both scenarios, considered in the context of the sedim ent cores, require 
rather similar conditions. Both assume a background of haematite, with 
low remanence and susceptibility, against which the magnetite population 
varies. The first scenario requires that the size of magnetite grains vary and 
that where they are large the weaker ferrimagnetic remanence allows greater 
relative contribution from the background haematite to be detected. This is 
because SIRM of magnetites is size dependent (Maher, 1988) and equal 
quantities of fine and coarse magnetite mixed with identical portions of 
haematite should give greater and lesser negative values, respectively, of 
I R M - 3 0 0 /SIRM . In o ther w ords, the streng th  of the rem anent 
m agnetization of fine single-domain magnetite may 'drow n' a haematite 
signal that would be detected in a sample containing dom inantly coarser 
magnetite. The second scenario requires that the absolute concentration of 
the fine magnetite varies and that where it is less abundant the haematite 
signal is detected.
Invocation of Occam's Razor alone would strongly argue in favour of the 
second scenario, in which the range of values of %a rm /SIRM seen in figure
6.10 is explained largely by variations in m ineralogy, as the simplest 
explanation. Particle size variation may account for the small scatter of 
values of %a rm /SIRM seen in the ferrimagnetic (fine SD) cluster (figure 6.10
b and c). However, the extremely low values of SIRM and x samples 
where %a rm /SIRM is also low (see below) also argue against any significant
magnetite contribution, favouring the explanation that the distribution is 
the product of mixing between fine SD magnetite and haematite. Therefore
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the gross pattern of %a rm /SIRM down-core reflects the concentration of the 
fine SD component. Values of xa r m /SIRM greater than 200 may truly 
represent magnetite grain-size variations in these cores.
The sam ples considered here dem onstrate that m agnetic param eters 
commonly used to infer m agnetite grain-size are also affected by the 
presence of other magnetic minerals. The commonly used 'size' parameter 
Xarm/SIRM  is ambiguous at low values and cannot distinguish between 
coarse magnetite and haematite. Haematite has low %a r m /SIRM and low 
negative IRM-300/SIRM and therefore in mixed m ineralogies logs of 
%ArM/SIRM  alone may respond principally to mineralogy rather than size.
Because no single parameter could reliably be interpreted in terms of 
variations in grain-size only, bivariate plots of the three parameters 
XarM/SIRM, IRM20/ARM and IRM-300/SIRM were constructed, as in
figure 6.10, to differentiate between component populations of both different 
mineralogy and ferrimagnetic grain size when discussing the results, below.
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6.3 Results - Modem Dust Samples
A suite of modern dust samples was collected from sites along the eastern 
highlands from southern Q ueensland to Mt Kosciusko. The m agnetic 
properties were determ ined to characterize m odern aeolian dust and 
provide a reference for comparison with the magnetic properties of deep-sea 
sedim ents. The dust was sam pled from moss m ats1, or pollsters, on 
elevated outcrops along the ranges of the eastern highlands. Moss mats on a 
variety of lithologies commonly hold a thick (up to one centimetre) 
accum ulation of fine reddish brow n m aterial clearly not derived from 
weathering of the supporting rock. The dust accumulation is probably of 
use to the moss because of its water-holding properties and supply of 
nutrients. The dust trapping qualities of Israeli mosses have been noted by 
Danin and Ganor (1991) and moss pollsters are commonly used in pollen 
analysis because they trap falling pollen grains.
6.3.1 Samples
From a total of over 80 samples the 18 highest quality samples (Table 6.3) 
were selected for analysis. The criteria used for selection were bedrock type, 
height of outcrop and proximity of local dust sources. Generally granites, 
acid volcanics and quartzites were preferred because of their relative 
chemical stability and low iron contents. They w ere also the best 
outcropping rocks. Outcrops over 80 cm above the soil were preferred 
because of the potential for splash to contribute local soil material to low 
moss mats. Sites distant from ploughed fields, dirt roads and other local 
dust sources were preferred. Ideally the mineral content of the moss mats is 
dom inated by aeolian dust but also has a m inor outcrop w eathering 
component. An unknown factor is the possible removal of fines by rain- 
splash and wash. One sample was obtained from the roof cavity of an old 
house in M ildura, in the Victorian Mallee (collected by John Leys, Soil 
Conservation Service of NSW, Buronga). Over a period of several decades 
up to 5 centimetres of dust had accumulated, presumably from the frequent 
dust storms in the area (Yu et al., in press).
1 Dr Peter Mitchell, School of Earth Sciences, Macquarie University, first drew my attention 
to moss mats as dust accumulators and provided several samples, of which MF71 has been used 
here.
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6.3.2 Methods
All samples were soaked in distilled water overnight to ensure wetting of 
the moss. The moss was then placed on a coarse sieve (1 mm) in a large 
container, so that distilled water covered the moss, and agitated in an 
ultrasonic bath for 30 minutes. Lumps were broken up to ensure that fines 
were not retained on the sieve. The moss was discarded and the fines then 
passed through a 63 pm sieve. The >63 pm fraction was also discarded. The 
sam ple was concentrated by centrifuging and discard ing  the clear 
supernatant, transferring to a small plastic container and then allowing to 
settle and dry in a warming oven at 35 °C for up to 1 week.
The dried samples were then prepared for magnetic analysis as outlined 
above. Several drops of hydrochloric acid were added to two samples, MF32 
and MF68a to aid settling. The results show that this has probably altered 
the mineralogy significantly (figure 6.11 b), justifying the decision not to 
chemically remove organic matter from the samples.
6.3.3 Results
All the dust samples are dominated by a ferrimagnetic component, probably 
m agnetite, and have relatively low contributions of antiferrom agnetics 
(haematite) (Table 6.4, figure 6.11). The values of Xa r m /SIRM  and X f d  
(figure 6.11 a) indicate a range of magnetite grain sizes from coarse SD to fine 
SD, although values of X f d  are higher at given values of Xa r m /SIRM  than 
those found by Maher and Taylor (1988) for sized pure magnetite grains.
The low contribution of haematite to the overall magnetic signal is shown 
clearly in figure 6.11 b, where the majority of samples cluster toward the 
m agnetite end-m ember of the m agnetite-haem atite mixing line. With the 
exception of MF32 and MF68a, both affected by acid, the samples fall into two 
clusters; one, on the mixing line, shows a modest haematite contribution 
while the second cluster of only three points shows almost no haem atite 
contribution. There may be a small 'D' component influence on several 
samples, displaced to the right of the magnetite-haematite mixing line. The 
bivariate plot (figure 6.11 e) of the param eters Xa r m /SIRM  and 
IRM -3oo/SIRM  shows that the cluster of 3 'soft' (higfy-IRM-300/SIRM)
Asamples are also 'coarser' (low Xarm/SIRM).
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In figure 6.12 Xarm /SIRM and Xfd are plotted against latitude (northings of 
the Australian map grid) and show a loose relationship which may reflect 
differences betw een source areas. Southern sam ples show  higher 
Xa r m /SIRM and frequency dependence, consistent with finer magnetite 
(figure 6.12 b, c). There is no obvious trend in haematite contributions (not 
shown), however given the greater magnetisation of finer ferrimagnetic 
grains it is likely that the fine magnetites in the southern samples mask a 
larger haematite contribution than the northern samples.
6.3.4 Discussion
In general the dust samples show a strongly ferrimagnetic signal consistent 
with coarser SD magnetite, mixed with a weaker haem atite component. 
The prom inent red colour of the moss mats and mineralogical analyses of 
dust falls (Walker and Costin, 1971) suggest that haem atite/goethite should 
be volumetrically im portant. The modest, but definite antiferrom agnetic 
contribution to the majority of the samples (figure 6.11 b) is consistent with 
'd ro w n in g ' of the an tiferrom agnetic  com ponent by the stronger 
ferrimagnetic remanence.
The latitudinal dependence of some of the magnetic param eters suggests 
different southern and northern source areas, or possibly a gradient of 
w eathering environm ents reflected in relatively local dusts. McTainsh 
noted different coloured dusts, reflecting different mineralogies and sources, 
falling at Fowlers Gap in western NSW (McTainsh, 1989).
While under m odern conditions of intense hum an intervention in the 
hum id and sem i-arid fringe the moss mat dust sam ples may well be 
retaining dust which has no equivalent in the past, the general uniformity 
of the results for this set of samples is encouraging. These results provide a 
guide to be followed in the identification of Australian dusts in the marine 
record.
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6.4 Results - Deep-Sea Cores
The magnetic signatures of the deep-sea sediment samples revealed great 
com plexity and clearly differed from the continental dust signature, 
described above. Consequently it became necessary to characterize all the 
magnetic components in the sediments before comparison with the m odern 
dust data.
6.4.1 Tasman Basin Cores - E39.72 E39.75 E26.3 E26.4 
E39.72
The susceptibility record of E39.72 is notable for its high variability and the 
increasing amplitude of the peaks towards the top of the core (fig 6.13 a). 
Both ARM and SIRM show the same set of prom inent peaks and troughs 
which bear a loose negative relationship w ith the content of calcium 
carbonate (fig 6.3 a). The pattern of increasing peak height is less obvious in 
the rem anence param eters, ARM and SIRM (figure 6.13 b and c). The 
relationship between susceptibility and carbonate content is not simple (fig 
6.3 a) and it is obvious that on a carbonate-free basis susceptibility still shows 
a large range of values. The origin of the variability in susceptibility and 
remanence in E39.72 seems to be either variable concentration of magnetic 
m inerals in the non-carbonate fraction of the sedim ent or variable 
m ineralogy or grain-size but cannot be explained solely by variations in 
concentration in the bulk sediment.
The frequency dependence of susceptibility (%fd) in core E39.72 (figure 6.14 a), 
a lth o u g h  incom plete  w here low values of su scep tib ility  m ake 
determ ination  of %fd unreliable, shows a very sim ilar pattern to (low 
frequency) susceptibility (figure 6.13 a). That is, both the pattern of peaks and 
troughs, with high susceptibility linked to high %fd, and the trend toward 
greater am plitude in the top four or five metres are observed. The SP 
contribution was also determined by the a  value m ethod, outlined above. 
Down-core patterns of a  values bear a strong similarity to %fd, bearing in 
m ind the sensitivity of the o values to high values of xfd (fig- 6.4, 6.5).
In core E39.72, where a detailed record of sediment colour was taken, an 
apparent association between SP contribution and chroma was observed (fig 
6.14 b, c). Chroma is the component of the M unsell colour description 
which refers to the strength or intensity of the colour, distinct from the tone,
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for a given hue. Thus chroma is independent of carbonate concentration 
(which determines the colour value, or tone) and is probably reflective of 
the oxidation state of iron in clays (Lyle, 1983) in the sediment. Below 5 
metres in E39.72 colours are generally dull and likewise a  values are low 
and frequency dependence is below 5%. Above 5 metres the colours are 
much stronger and SP contributions, indicated by %fd and a  values, are 
generally higher. Individual peaks of strong SP contribution, at 250, 450 and 
1150 cm for example, are picked out by more intense colour.
The SP contribution to the susceptibility signal seems to explain the trend in 
susceptibility values in the upper part of the core and the divergence 
between the pattern of susceptibility (affected by SP grains) and ARM and 
SIRM, which are not significantly affected by SP grains. There appear to be 
two distinct highly m agnetic com ponents; one m agnetic com ponent 
responsib le  for the high rem anence intensities but only m oderate 
susceptibility and frequency dependence of susceptibility, and another 
superparam agnetic component which does not contribute to the remanence 
but has strong susceptibility and high frequency dependence of susceptibility. 
In the bottom half of E39.72 the SP component is absent but in most of the 
upper five metres occurs with the magnetic component. The SP component 
is not prim arily responsible for the pattern of peaks and troughs in the 
record, although where present it occurs together with high ARM and SIRM 
'peaks'.
Three magnetic components can be identified in E39.72 (figure 6.14 d, e, f). 
Values of IRM-300/ SIRM versus IRM-ioo/SIRM show most samples falling 
in the m agnetite field (fig. 6.14 f), with high negative values of both 
param eters. A large num ber of samples also fall along the m agnetite- 
haem atite mixing line, although 'pure' haem atite is not present. Some 
ferrimagnetic samples fall to the right of the mixing line, that is they have 
low er negative values of IR M -ioo/SIR M  than m agne tite -haem atite  
mixtures. These 'D' (difference) component samples nearly all occur in the 
top metre of the core (fig. 6.14 e), above the level of the tephra at 90 cm. 
Haematite-rich samples (low negative IRM-300/SIRM) occur exclusively in 
association w ith low-susceptibility and low-SIRM (fig. 6.13 b and c) and 
characterize all such horizons. All the high-SIRM regions of the core are 
characterized by ferrimagnetic phases (high negative IRM-300/SIRM), most 
probably m agnetite alone except for the top one metre. Some of the 
haematite-rich horizons are very narrow, but all are represented by more
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than one sample and are not the result of either error or noise. The 
different mineral horizons are generally marked by sudden changes, with 
only the transition at 300-350 cm depth showing a gradual transition.
Two components are seen in the particle size - mineralogy field of figure 
6.10, discussed above. Very fine magnetite, probably with a narrow range of 
sizes (Maher, 1988) is indicated by very high values of %arm /SIRM and high
negative IRM-300/SIRM (figure 6.10 c). Low values of IRM20/ARM  for the 
same samples are consistent with fine-grained magnetite. Higher values of 
IRM 20/ARM  and much lower values of %a rm /SIRM are both associated
w ith antiferrom agnetic sam ples, rather than coarse SD or PSD size 
magnetite (Oldfield, 1991).
E39.75
The ranges of values of susceptibility, ARM and SIRM (carbonate-free) in 
E39.75 (figure 6.15) are almost identical with E39.72. There is a similarly 
wide range of values and a strong pattern of peaks and troughs increasing in 
am plitude towards the top of the core, more so for susceptibility than the 
remanence measures. The higher values of susceptibility in E39.75 are first 
encountered at four to five metres depth, similar to E39.72, but in sediments 
of a greater age, given the lower accumulation rate (chapter 4). Over the 
length of the Brunhes Chron there are fewer low-susceptibility and low- 
SIRM troughs in E39.75 than E39.72. The SP component, indicated by the a  
values (figure 6.15 e), increases markedly at 5 metres depth, in accordance 
with the increase in values of susceptibility (figure 6.15 a). The increasing 
trend in the susceptibility record appears to be due to the occurrence of a 
distinct SP component.
The prom inent tephra in E39.72 at 90 cm is conspicuous as an interval of 
lower susceptibility and lower ARM and SIRM than the samples above or 
below. By contrast, the tephra at 878 cm depth in E39.75 is indistinguishable 
from the surrounding samples, which also have low susceptibility, ARM 
and SIRM.
The pattern of magnetic mineral components in E39.75 is, again, remarkably 
sim ilar to E39.72. N early all sam ples fall on the m agnetite-haem atite 
mixing line (fig. 6.16 e), with only samples from the very top of the core 
showing some significant contribution from 'D' component. All three low- 
SIRM horizons (figure 6.15 c) are m arked by dom inant haem atite
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contributions (figure 6.16 a) while intervening high-SIRM sections are 
uniformly ferrimagnetic.
Bivariate plots of 'size' parameters and the m ineralogy descriptor 
IRM-300/SIRM (figure 6.16 b, c and d) show that all ferrimagnetic samples 
are fine-grained, probably very fine SD magnetite. This component is seen 
to mix w ith an antiferromagnetic component (figure 6.16 c and d). The 
range of values of IRM2 0 /A R M  and XA R M  /A R M  show n by the 
antiferrom agnetic group (low negative IRM.300/SIRM) is due to mixing 
with 'D' component, seen in figure 6.15 f and g.
The down-core pattern of peaks and troughs observed in susceptibility, 
ARM and SIRM appears to reflect the relative contribution of haematite and 
magnetite to the total magnetic character of the sediment. This is consistent 
with the known low susceptibility and SIRM of haematite and high values 
for magnetite (Thompson and Oldfield, 1986). An unidentified component, 
'D', is present in the top of this core.
E26.3 and E26.4
Values of susceptibility from cores E26.3 and E26.4 are generally high (fig 6.17 
a and 6.19 a) but carbonate-free ARM and SIRM show only moderate values, 
compared with the highest values of E39.72 and E39.75, while all values are 
much more uniform down-core. Not only is the series of prom inent peaks 
and troughs absent but there is a weak trend to lower values of susceptibility 
and rem anence tow ards the tops of the cores. The prom inent low 
susceptibility troughs in E26.3 at 374 cm and E26.4 at 317 cm highlight the 
altered probable-Stage 7 tephra. Likewise the smaller low-susceptibility 
trough at 590 cm in E26.4 is possibly a tephra layer. These highly uniform 
cores contrast w ith the great variability characteristic of the slightly 
shallower cores E39.72 and E39.75.
Cores E26.3 and E26.4 are characterized by high, uniform  frequency 
dependence and a  values except for the short tephra intervals of low SP 
contribution (figures 6.17 d, e and 6.19 d, e). The sensitivity of the a  values 
to high SP contributions is useful in these cores where there is only a small 
range of %fd values. Both E26.3 and E26.4 show trends tow ard lower a  
values in the top one or two m etres, m atching the trend in values of 
susceptibility.
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As could be expected from the rather uniform values of susceptibility, ARM, 
SIRM and x fd , all samples from E26.3 have a very similar m agnetic 
m ineralogy (fig. 6.18 a). There is no significant antiferrom agnetic 
(haematite) contribution to any of the samples (fig. 6.17 f) but there is a 
detectable influence of component 'D' in samples from the top of the core 
(fig. 6.17 g). The trend toward increasing 'D' component toward the top of 
the core parallels the decrease in susceptibility, ARM, SIRM and frequency 
dependence.
In contrast to the three other cores from the deep Tasman Basin, E26.4 has 
high contributions from 'D' component over most of its length (fig. 6.19 g 
and 6.20 a) and no appreciable haematite signal (fig. 6.19 f). The tephra at 317 
cm depth has the most extreme value of 'D' of any sample in the study. The 
single sample is distinct from all other high 'D' samples in the core and may 
be the sole representative of a fourth mineralogy. If the bulk of the samples 
do actually lie on a mixing line between pure 'D' and pure magnetite then 
the tephra sample does not appear to be on the same mixing line. 'D' is, 
however, not defined well enough (see discussion) to be sure that size 
variation, for example, in particles of 'D' mineralogy does not account for 
the apparent divergence. Variations in the strength of the 'D' signal are 
related to minor variations in susceptibility and ARM particularly and the 
increasing 'D' contribution in the top metre is coincident with decreasing 
values of both parameters.
Size param eters indicate that E26.3 is composed of very uniform fine SD 
magnetite (fig. 6.18). There is some scatter of %a rm /SIRM values which
presum ably reflects minor variations in the grain size and 'D' component 
contribution. E26.4 shows much greater variability in %a rm /SIRM values
(figure 6.20), but maximum values are somewhat lower than for the three 
other Tasman Basin cores, where ’D' component contributions are trivial. 
Furthermore, the variability of %a rm /SIRM in E26.4 is well explained by the
strength  of the 'D' com ponent signal (fig. 6.20 b), w here higher 'D' 
contributions result in lower %a rm /SIRM values. Because of the strong ’D'
component present in E26.4 the conventional scatter plots (figure 6.20 a,b 
and c) appear to indicate a range in ferrimagnetic grain size. This further 
am biguity of 'size' param eters illustrates the complexity of the task of 
d ifferentiating the m any possible constituent com ponents in m arine 
sediments.
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6.4.2 Lord Howe Rise Cores - E26.1, C l/86 6GC3, SO-36-61
The three Lord Howe Rise cores have very low values of concentration 
dependent susceptibility and remanence, largely because of the very high 
carbonate concentration; >80%. With the weak magnetisation occurring in 
such sam ples there is the danger that susceptibility  and low-field 
remanences will be below noise levels. Repeated measurements of blanks, 
em pty holders and some samples shows that the range of values of North 
and East readings from the Molspin magnetometer is 0.1-0.2 SI units. Since 
sam ples w ith the m inim um  m ass-specific m agnetisation (O.OOlxlO-3 
A m 2kg_1) have North readings of the order 0.5-0.6 units the absolute errors 
are proportionately large. However, the mass specific readings can be 
considered as being accurate to better than tO.OOlxlO'3 Am2kg"1 and relative 
errors only become important in interparametric ratios.
E26.2
Core E26.1 is the only core for which susceptibility measurements were so 
low that diamagnetic components (carbonate) dom inated the signal (figure 
6.21 a). There is effectively no m easurable susceptibility in the core, 
however remanence measurements show three distinct peaks, although the 
200 cm double peak is indistinct on the carbonate-free logs of ARM and 
SIRM (6.21 b and c).
Most samples from E26.1 have a mixture of haematite and ’D’ component 
signals with minor magnetite (fig. 6.21 d and e; fig. 6.22 a). All three high 
SIRM peaks have a magnetite signal, although the weaker 200 cm peak also 
has a ’D’ com ponent signal. ’D’ contribution throughout the core is 
generally high but the up-core increase seen in E39.72 and E39.75 is absent 
from this core (fig. 6.21 e).
The samples from E26.1 form two groups in the plot of %a rm /SIRM against 
IR M 2 0 /ARM . The upper line of points is coincident w ith the main 
distributions found in all the other cores, including SO-36-61 and C l / 86, 
while the lower distribution appears to be unique to E26.1. The points in the 
lower group are those with very weak rem anence (SIRM =0.05 x 10‘3 
A m 2k g _1) and it is possible that m easurem ent error has led to the 
displacement in this plot and some of the scatter in the backfield remanence 
m easurem ents (figure 6.22 a). There is no obvious coarse ferrim agnetic 
com ponent (low %a r m /SIRM , high negative IRM .300/SIRM ) to the
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sediments. Three components appear to account for the variation in the 
four parameters used (IRM-ioo/SIRM, IRM-300/ARM, IRM20/ARM and 
Xarm/SIRM); fine SD magnetite, haematite and 'D' component.
SO-36-61
SO-36-61 has low values of susceptibility (but higher than E26.1) before 
correction for carbonate content (figure 6.23 a) but ’carbonate-free' values are 
generally comparable with the Tasman Basin cores (6.23 b). The records of 
susceptibility, ARM and SIRM (figure 6.23) show several peaks of strong 
magnetization above a background of low magnetization. The tephra layer 
at 260 cm depth in SO-36-61 is prominent in logs of uncorrected 
susceptibility and remanence but almost indistinguishable when corrected 
for carbonate (fig. 6.23 a and b).
The superparamagnetic contribution to SO-36-61 was estimated from the a 
values, described above. (The susceptibility of E26.1 was too low for even 
this method to be used). SO-36-61 (fig. 6,23 e) shows a noisy record of low SP 
influence. No relationship between the strength of the SP component and 
colour is evident in SO-36-61, unlike E39.72. Mottling in SO-36-61, with 
chroma up to 6, occurs in a section of the core where a values are also highly 
variable, up to 1.5 units or 6% (freq. dep.).
The high variability in SIRM, ARM and susceptibility in SO-36-61 is 
matched by the down-core record of mineralogy (fig. 6.23 g). The majority of 
samples fall on the magnetite-haematite mixing line (fig. 6.24 a) while 
samples above 60 cm depth have significant 'D' component contributions to 
a magnetite background. The tephra at 260 cm appears to have 
conventional magnetite mineralogy, with some minor haematite 
contribution.
The bivariate 'size-mineralogy' plots (figure 6.24 b,c and d) show a typical 2- 
component mixing distribution with fine SD magnetite and haematite as 
end-members CD' component is seen in the fourth, IRM-ioo/SIRM, axis, 
figure 6.24 a). There is no evidence for any significant size variation within 
the ferrimagnetic component. The down-core variations in magnetic 
properties are the result of changing magnetic mineralogy.
Cl / 86
Strong core top susceptibility and remanence (figure 6.25) to 30 cm dominate
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otherwise low and uniform records. The range of values is similar to most 
other cores, however average values are lower. The down-core log of a 
values (figure 6.25 d) resembles the logs of susceptibility and remanence 
with a thin horizon of high values at the top and much lower values below. 
This horizon of high SP and susceptibility is also a region of strong chroma 
(figure 6.25 e), as in E39.72.
Nearly all samples from C l/8 6  fall on the haematite-magnetite tie-line (fig. 
6.26 a) with only the four samples at the top of the core showing appreciable 
'D' com ponent (fig. 6.25 f) but no samples showing a 'pure' m agnetite 
signal. The strength of the haematite signal is inverse to SIRM and ARM, as 
expected given the weaker m agnetization of haematite. Interestingly the 
peaks of 'D' component and SP contribution are slightly displaced within 
the top 20 cm of the core, the SP peak being closer to the surface. In E39.72 
and E39.75 the opposite pattern was observed.
In the 'size-mineralogy' plots (figure 6.26) all the samples are seen to lie on 
the fine SD m agnetite-haem atite  m ixing line, not forgetting the 'D' 
com ponent which lies in another plane. There is no indication of 
ferrim agnetic size variation and dow n-core patterns of the m agnetic 
properties are again seen to reflect changes in the magnetic mineralogy.
Summary
Compared to the Tasman Basin cores, these cores from the Lord Howe Rise 
have less fine m agnetite (high %a r m /SIRM) and longer intervals of
haem atite. This is illustrated in the bivariate plots of the two 'size' 
parameters where the large SD magnetite cluster seen in E39.72 and E39.75, 
for example, is absent. The observed properties of these samples seem to be 
explicable in term s of m ixing betw een three com ponents; a fine SD 
m agnetite component, an antiferrom agnetic component (E26.I is possibly 
unreliable) and 'D' component.
Sediment mineralogy apparently controls the susceptibility and remanence 
properties of the three Lord Howe Rise cores, in the first instance. High 
susceptibility and rem anence are associated w ith m agnetite-dom inated 
assem blages w hile haem atite  is dom inan t w here rem anence and 
susceptibility are low. 'D' com ponent appears to be a third, independent 
mineral, occurring with haematite in E26.I (although this is uncertain) and 
with magnetite in other cores.
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The concentration of magnetic minerals of all mineralogies in E26.1 is lower 
than in either of the other two Lord Howe Rise cores or in the Tasman 
Basin cores and this causes some problem s, especially where ARM is 
concerned, because of the weak remanence. C l/8 6  and SO-36-61, on the 
other hand, have similar concentrations of magnetic particles, based on 
their almost identical range of susceptibility and remanence values.
6.4.3 New Caledonia Basin Core - C12/87 12GC9
C12/87 is notable for the high values of susceptibility and remanence over 
the length of the short core (fig. 6.27 a, b and c). The m oderate 
superparamagnetic contribution, measured by the o values, shows a pattern 
almost identical to susceptibility (fig. 6.27 d). The chroma of the core is 
generally quite high but variations do not show a clear relationship to the 
SP contribution (6.27 e).
Ferrimagnetic m inerals dom inate the magnetic signal (fig. 6.28 a). 'D'
contribution is quite high throughout the core but is strongest in two peaks 
at the core top and 120 cm depth (fig. 6.27 g). In this core the 'D' peak occurs 
above the SP maximum at the core top. 'D' component peaks occur in 
sections of the core where SP contribution is low but are not simply 
negatively related. Magnetite is present throughout the core but there is no 
detectable haematite signal (fig. 6.27 f). Size parameters show little variation 
(fig. 6.28 c, d and e), indicating consistently fine SD grains. There is however 
a close dependence of %arm /SIRM on the 'D' contribution (fig. 6.28 a and b),
as in E26.4. %a rm /SIRM values in this core are less than those for low 'D' 
cores but similar to E26.4 where 'D' contribution is also high.
In summary, C12/87 is similar to E26.4 from the deep southern Tasman 
Basin in its magnetic mineralogy, susceptibility and remanence properties. 
The strong contribution of 'D' component to both cores and the absence of 
haem atite contribution may be related to some common attribute of the 
environment of both sites.
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6.4.4 Summary of Mineral Magnetics of Tasman Sea Sediments
Four magnetic components were identified in these cores and as a first order 
explanation it is variation in the dominance, or relative concentration, of 
these com ponents w hich explain overall sedim ent susceptibility  and 
remanence properties. These components are;
1. Superparamagnetic, probably ferrimagnetic, component. In most cores it 
occurs near the top and always in association with SD magnetite but can be 
distinguished from the lower SP signal of SD magnetite-dominated samples. 
The SP com ponent causes frequency dependence of susceptibility of 
approximately 10% (c.f. 5-6% for SD magnetite alone). This component is 
apparently related to colour intensity (chroma) in some cores, but not all.
2. Single-dom ain m agnetite. D istinguished by backfield rem anence 
properties (table 6.2), contributes high ARM and SIRM to sediments and 
moderate susceptibility and frequency dependence. %arm /SIRM values are
extremely high (>200) and indicate a very fine SD com ponent of very 
uniform grain size.
3. Haem atite is distinguished by its backfield remanence properties also 
(table 6.2; IRM-300/SIRM =-0.7, IRM-ioo/SIRM =-0.25) which allow it to be 
d ifferen tiated  from  coarse m agnetite, which has sim ilar values of 
IRM20/SIRM and %arm /SIRM. Where haem atite dom inates, sedim ents
have low susceptibility and remanence. Some evidence points to low levels 
of haem atite throughout the sedim ents which is overw helm ed by the 
strength of the SD magnetite component, where present.
4. A ferrimagnetic component, called 'D' above, can be distinguished from 
magnetite by its greater coercivity (figure 6 .8 ). It is less strongly magnetic 
than magnetite and may have intermediate frequency dependence. The 'D' 
com ponent present in two cores appears to have values of %a r m /SIRM
lower than that of magnetite and the %a rm /SIRM record in those cores may
be a record of relative 'D' contribution rather than grain size. In those 2 
cores 'D' com ponent occurs throughout, but in most other cores 'D' 
component occurs only in a narrow horizon near the surface. Only in one 
core does 'D' occur with significant haematite and then throughout the core 
and in low concentrations (E26.1, possibly unreliable). 'D' component is
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clearly a distinct ferrimagnetic mineral, not magnetite, and occurs 
independently of other minerals.
A possible fifth component is coarse SD or PSD magnetite which is only 
indicated where haematite is also present. However this 'coarse magnetite' 
signal is probably an artefact of mixing between haematite and SD 
magnetite.
6.5 Results - Magnetic Fraction Extraction
To supplement the mineral magnetic analysis the magnetic fraction of 29 
samples from core E39.72 was extracted and viewed by transmission electron 
microscopy (TEM). In particular, the aim was to identify the very strong fine 
SD magnetite component indicated by magnetic analysis.
6.5.1 Methods
The magnetic fraction was extracted following the technique of Stolz et al. 
(1986), modified by me to reduce the amount of clay in the final sample. 
Small amounts (less than 0.1 g) of untreated, wet sediment were placed in 
sealable sterile plastic containers with a few millilitres of distilled water and 
dispersed in an ultrasonic bath for up to 30 minutes. The partly dispersed 
sample was agitated gently, then set aside with a small 'supermagnet' 
(neodynium-iron-boron) next to the container. After 30 minutes the 
magnet was gently removed and the matter concentrated near the pole of 
the magnet removed with a pipette. This was then placed in a fresh plastic 
container and the extraction repeated. The final extraction of 1 drop of 
liquid was placed on a surface of dental wax and a formvar coated copper 
TEM grid was floated on it. Another supermagnet was suspended about 1 
cm above the grid so that magnetic particles would concentrate on the grid. 
After 30 minutes the grid was gently removed and then stained with 1% 
uranyl acetate for 60 seconds.
TEM targets were viewed on either a H600 or Jeol 2000 microscope. Usually 
photographs were taken of all identified particles and measurements made
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from these. Grain morphology was determined both directly from the 
screen and from photographs.
Although it is not possible to quantify the efficiency of the extraction, 
attempts to repeat the procedure on the same sample produced much lower 
amounts of magnetic material. Results from sub-samples of the same 
sample were quite consistent, indicating that the extraction is representative 
if not quantitative.
6.5.2 Results
The most outstanding feature of the magnetic extracts was the presence of 
chains of bacterial magnetosomes (Petersen et al., 1986; Stolz et al., 1986; Vali 
et al., 1987; Vali and Kirschvink, 1989), the magnetic bodies produced by 
magnetotactic bacteria (Blakemore, 1975; Blakemore, 1982; Blakemore et al., 
1979) to allow navigation along the earth's magnetic field (Blakemore et al., 
1980; Frankel, 1984; Frankel and Blakemore, 1980; Frankel et al., 1981). The 
magnetosomes are magnetite crystals (Frankel and Blakemore, 1984; Frankel 
et al., 1983; Kirschvink, 1982; Petersen et al., 1986; Stolz et al., 1986; Vali and 
Kirschvink, 1989) which have several characteristic morphologies. 
Identification is made on the basis of euhedral outline and their occurrence 
in chains. The chains observed by TEM appear to be formed from short 
segments, perhaps disrupted by the ultrasonic agitation, but attracted by their 
magnetic charge.
Figure 6.29 (facing) E39.72 Photomicrographs (TEM) of Bacterial
Magnetosomes
(a) octahedral magnetosomes and one large parallelepipedal (prismatic, upper right) 
from 46 cm.
(b) mixed morphologies including prismatic (top right) elongate, both 'teardrop' and 
'bent conical', and octahedral (bottom left) from 617 cm. The chain is probably formed by 
aggregation of several short segments disrupted by ultrasonic agitation. The small prismatic 
crystals may be 'immature' crystals, as seen on the ends of chains in living bacteria.
(c) mixed elongate morphologies from 521 cm. Grains are all rod-like but some are 
bent, others have sharp terminations.
(d) dominantly parallelepipedal magnetosomes from 427 cm. Fragments of several 
chains appear to be clustered together. Some octahedral crystals are present.
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Three morphologies of grains were recognized (figure 6.29); octahedral, or 
equant; parallelepipedal, or prismatic, and elongate (comprising conical, 
bent conical, teardrop etc.) after Petersen et al. (1986) and Stolz et al. (1986) 
and their relative abundance was found to vary greatly between samples 
(table 6.5). The down-core pattern of relative abundance of the equant 
m agnetosom es (figure 6.30) replicates the 'peaks' and 'troughs' of 
Xarm /SIRM  and IRM-300/SIRM in E39.72. The relationship is also shown 
in figure 6.31 where samples with high proportions of equant grains also 
have high %arm /SIRM and high negative IRM-300/SIRM.
M ag n e to so m es from  sev era l sam p le s  w ere  m ea su re d  from  
photom icrographs and compared with the theoretical size ranges (Butler 
and Banerjee, 1975) of magnetite domain types (figure 6.32). The theoretical 
size ranges vary from sizes determ ined experim entally (Dunlop, 1990) 
which put the SD/SP boundary at 0.03 \im  for equant grains. Nearly all the 
magnetosomes fall inside the SD envelope and occupy a narrow  range of 
sizes (fig 6.32). The dom inant shape, on the other hand, varies greatly 
between samples and it is possible that different shape assemblages may 
have different magnetic properties. Grain geometry contributes to shape 
anisotropy of m agnetization (O’Reilly, 1984) and this may give rise to 
differences in ratios such as y ARM/SIRM betw een equant and elongate 
crystals. In the sam ples investigated the variation in size or volume 
between sam ples is much less pronounced than shape variations. Grain 
shape may be a secondary cause of variation in magnetic properties in these 
sedim ents.
Obviously the m agnetosom es are likely to be a strong contributor to 
sedim ent m agnetization and are most probably the fine, uniform  SD 
component identified by mineral magnetic analysis. A limitation of this 
work is that only the easily identifiable bacterial m agnetosomes were 
regularly photographed and counted. Detailed and painstaking electron 
diffraction analysis would allow identification of some other magnetic 
grains. The abundance of the magnetosomes in many of the samples and 
the lack of an obvious abundant component of at least equally large grains 
are suggestive of bacterial magnetosome dominance.
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Figure 6.32 E39.72 Size and Shape Distribution of Bacterial
Magnetosomes from Two Samples
Parallelepipedal (crosses), elongate (circles) and octahedral (squares) magnetosomes.
The length and axial ratio (width/length), of perpendicular axes, were measured from TEM
photomicrographs.
Theoretically derived two-domain (TD), single-domain (SD) and superparamagnetic (SP) field 
boundaries (Butler and Banerjee, 1975) are shown by solid lines. The upper SD/SP threshold is for a 
relaxation time o f 4 x 109 yr and the lower for 100 s. The experimentally determined SP/SD boundary
(Dunlop, 1990) is shown by dashed lines.
(a) 286 cm depth (stage 6), n = 42. This sample is dominated by parallelepipedal and elongate 
magnetosomes; only one octahedral magnetosome was observed.
(b) 612 cm depth (stage 9), n = 217. Elongate, parallelepipedal and octahedral magnetosomes form
three clusters according to axial ratio.
Measurement error (scale, magnification) may result in small shifts in the vertical positions of points, 
but not the horizontal position. The greatest unojitainty comes from calculation o f the axial ratio 
from the photographs because of the variable orientation of crystallographic, and magnetic, axes.
Table 6.5___________________ E39.72 Bacterial Magnetosome Morphology Data
D e p th
(cm )
A g e
(k y )
N u m b e r E lo n g a te  
(% to ta l)
P r ism a tic  
(% to ta l)
E q u a n t  
(% to ta l)
X
(10"® m ® kg*b
IR M .3 0 0 /S IR M Xa r m / s i r m
(1 0 '5 A _1m )
1 11.2 277 26.0 25.6 48.4 57.86 - 0.96 236.99
17 14.7 84 21.4 35.7 42.9 36.52 - 0.95 269.29
46 23.4 166 21.7 36.1 42.2 80.19 - 0.95 208.70
156 68.7 171 43.3 23.4 33.3 103.04 - 0.98 225.65
227 129.0 119 24.3 33.6 42.0 42.91 - 0.97 278.68
245 134.7 23 34.8 17.4 47.8 51.28 - 0.96 229.70
286 146.3 43 60.5 34.9 4.7 9.55 - 0.80 60.89
305 151.7 9 67.0 11.0 22.0 8.20 - 0.78 56.75
326 162.0 278 18.3 46.0 35.6 12.32 - 0.92 210.52
387 196.5 232 28.4 31.0 40.5 50.00 - 0.97 221.39
427 223.0 213 15.0 35.7 49.3 76.63 - 0.99 278.62
497 262.6 391 26.1 27.1 46.8 84.63 - 0.98 242.60
521 274.3 35 77.2 11.4 11.4 14.18 - 0.76 46.20
571 298.6 352 29.0 28.4 42.6 31.01 - 0.97 315.32
592 308.8 261 54.8 29.1 16.1 17.00 - 0.90 124.26
612 318.5 217 20.0 42.0 38.0 28.38 - 0.97 277.11
642 333.1 76 43.4 30.3 26.3 10.78 - 0.80 61.35
722 372.0 177 19.2 37.3 43.5 31.74 - 0.96 245.33
792 405.0 265 25.3 29.4 45.3 22.29 - 0.97 265.07
842 434.0 47 21.3 46.8 31.9 10.41 - 0.83 51.83
902 460.0 253 24.1 20.2 55.7 17.32 - 0.94 209.32
961 486.0 552 21.9 20.5 57.6 34.03 - 0.98 266.28
992 499.0 18 55.6 44.4 0.0 9.51 - 0.86 49.87
1042 520.0 117 17.9 43.6 38.5 14.49 - 0.96 298.02
1091 559.0 10 70.0 10.0 20.0 11.81 - 0.77 32.20
1142 603.5 83 20.5 31.3 48.2 31.40 - 0.95 191.19
1170 628.0 341 66.3 25.2 8.5 8.67 - 0.79 44.08
1242 688.6 376 17.3 38.8 43.9 21.29 - 0.97 283.30
1291 730.0 202 46.5 28.7 24.8 14.47 - 0.84 70.30
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The variation of %a rm /SIRM in E39.72 (figure 6.30) cannot be explained by
magnetosome morphology, despite the relationship shown in figure 6.31, 
and m ust reflect abundance of magnetosomes. The low %a r m /SIRM
intervals have such weak m agnetisation that SD m agnetite cannot be 
present in even m odest amounts. The total num ber of m agnetosomes 
observed by TEM is not an accurate measure of absolute abundance (table 
6.5) and it is suggested that the magnetic parameters are a better measure of 
concentration of the bacterial magnetosomes. It is possible that the 
environm ental constraints which control the viability of the bacteria affect 
the octahedral magnetosome-producing bacteria most, and that the relative 
abundance of the octahedral magnetosomes reflects the absolute abundance 
of all magnetosomes.
Dissolution of m agnetosom es in m arine sedim ents has been observed 
elsew here (Vali and Kirschvink, 1989) how ever the possibility that 
dissolution is largely responsible for the observed assemblages in E39.72 is 
not favoured since elongate, high surface area-to-volume, magnetosomes 
are dom inant in intervals of low magnetosome concentration.
O v e rw h e lm in g ly , in d iv id u a l live m ag n e to tac tic  b ac te ria  carry  
magnetosomes of a single morphology (Blakemore and Blakemore, 1990), 
although an isolated exception has been found (Vali and Kirschvink, 1990), 
so that the magnetosome morphology is generally indicative of species, or 
perhaps distinct phenotypes. In either case the regular variations in the 
m agnetosom e assem blage in E39.72 is strongly suggestive of some 
environm ental control. Such a control might also explain the distribution 
of dom inant magnetosome morphologies in marine sediments (Vali et ah, 
1987). (Chains of mixed magnetosome morphologies are commonly seen 
but are probably the result of disruption during extraction, especially by 
ultrasonic agitation, and subsequent joining of individual magnetosomes 
and short chains.)
6.5.3 Summary
1. Bacterial magnetite is thought to be the fine, uniform SD component 
identified by mineral magnetic analysis.
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2. Variations in the abundance of bacterial magnetosomes are probably 
responsible for the pattern of peaks and troughs in the magnetic record of 
E39.72. Low values of x a r m /SIRM and IRM .300/SIRM are found in
intervals where m agnetosom e concentrations are low and vice versa. 
Values of %a rm /SIRM greater than 200 indicate a sample dom inated by
bacterial magnetosomes.
3. Octahedral magnetosome-producing bacteria appear to be more sensitive 
to changes in the environment which control bacterial viability (and total 
m agnetosom e abundance). The relative abundance of octahedral 
m agnetosom es m ay therefore reflect the absolute concentration of all 
m agnetosomes.
4. Changes in the magnetosome assemblage are possibly the result of 
changes in the bacterial assemblage brought about by some environmental 
change. A less likely explanation is that the assemblage is the result of 
diagenesis and differential dissolution.
6.6 Discussion - Magnetic Components in Tasman Sea Sediments
6.6.1 Biogenic Component
On the basis of the magnetic extractions from the E39.72 sam ples it is 
possible to recognize a biogenic magnetic component in all the cores from 
m agnetic m easures alone. Most of the variation in m easures such as 
Xarm/SIRM , IRM-300/SIRM ARM and SIRM is probably the result of
changes in the concentration of bacterial magnetosomes in the sediments. 
Intervals where the magnetic signal is dom inated by bacterial magnetite 
have high xarm /SIRM, >200, high negative IRM.300/SIRM and relatively
strong ARM and SIRM (carbonate free). Lower values result by mixing 
between the bacterial m agnetite and haem atite, which dom inates only 
where bacterial m agnetite concentration is extremely low. The mixing 
proportions are not straightforward since the strength of m agnetization of 
the m agnetite is 200 times that of haematite. Equal volumetric mixes of 
bacterial magnetite and haematite would be dom inated magnetically by the 
m agnetite. Therefore even pronounced changes in the volum etric 
concentration of haem atite may go unrecognized and the final record is 
principally one of bacterial magnetite concentration.
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Five cores used in this study form a convenient sequence by which the 
relationship of the magnetic properties, and hence bacterial magnetite, to 
oceanographic conditions can be examined. I concluded above that changes 
in the environm ent of the benthic bacteria may have been responsible for 
their changing abundance in the sediment record. The five cores form a 
depth sequence in the Tasman Sea (figure 6.33) with three cores (E26.1, 900 
m; C l/8 6 , 1340 m; SO-36-61, 1540 m) in the Antarctic Interm ediate Water 
mass (AAIW) and two cores (E39.75, 3875 m; E39.72, 4520 m) in the Circum­
polar Deep Water mass (CDW). The cores are widely distributed spatially 
and so there are im portant local differences between oceanographically 
similar cores. In addition E39.72 lies in an area where there is some mixing 
between CDW and Antarctic Bottom Water (AABW) (Rodman and Gordon, 
1982). Core C12/87 is not discussed here because it lies in the closed New 
Caledonia Basin which is oceanographically distinct from the open Pacific 
(chapter 4). Cores E26.3 and E26.4 are not discussed because of the lack of 
isotopic data.
C om parison of the records of %a r m /SIRM w ith the standard  5 180  
chronology of SPECMAP (Imbrie et al., 1984) (figure 6.34 and 6.30) shows a 
close correlation in all cores. The oxygen isotope com position is not 
suggested as the control on bacterial abundance, rather some other factor 
which changes in concert with 5ls O, some disagreement is therefore to be 
expected. Notwithstanding that qualification, there is a surprising similarity 
in the records. In E39.72 intervals of low %a r m /SIRM coincide with
confirmed and inferred glacial stages (figure 6.30) with the exception of stage 
2 and near the bottom  of the core, possibly stage 18, where no lows are 
recorded, and the low xa rm /SIRM horizon at 500 cm (The quality of the
chronology available for the lower part of the core should be born in mind: 
for exam ple stage 10 is not well controlled). These intervals may be 
narrow er than the glacial stages in which they fall (e.g. stage 6). Likewise in 
E39.75 (figure 6.34 a) low values of %a rm /SIRM accompany glacial stages (in
the top of the core). In this core the range of values of %a r m /SIRM is
principally between 200 and 350, i.e. within the m agnetite-dom inated zone. 
This variation may reflect changes in the size or shape of the bacterial 
m agnetosome assemblage and be independent of concentration since there 
is apparently very little contribution by haematite in these sections of the 
core (figure 6.15 f). %arm /SIRM in the upper part of E39.75 follows the 5180
record much more closely than in E39.72 to the extent that features of the
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isotope record such as stages 2, 3 and 4 and sub-stage 7.5 are clearly 
developed. In the top of E39.75 only a narrow interval in stage 6 has very 
low magnetite concentration.
Core C l/8 6  (figure 6.34 b) has a wider range of values of %a r m /SIRM 
however only a few individual samples achieve values of 200 or more, and 
those at the top of the core are dom inated by 'D' rather than magnetite 
(figure 6.25 e). Nevertheless there is still a clear parallel betw een the 
Xarm/SIRM  record and 5180 , with high values in interglacial stages 5 and 7
and low values in stages 3, 4 and 6. By contrast SO-36-61 (figure 6.34 c), only 
200 m etres shallower than C l/8 6 , has the opposite pattern  of low 
* arM/SIRM  in interglacial stages and high XArm /SIRM  glacia s^- The 
values of xa rm /SIRM in SO-36-61 cover the range from 50 to 350 and are
generally higher than in C l/8 6  indicating that for long periods this site was 
more favourable for magnetotactic bacteria than C l / 86. The shallowest core, 
E26.1, has very low concentrations of magnetic material and only 3 peaks of 
appreciable magnetite concentration (note the high level of noise at low 
values of XA r m /SIRM), in stage 1, the latter part of stage 5 and also the latter
part of stage 7 (figure 6.34 d).
Of the possible environm ental controls, tem perature and salinity can be 
immediately discounted. Magnetotactic bacteria occur over a wide range of 
tem peratures in the m odern ocean (figure 6.33) and also in coastal 
environm ents1. Likewise they have been found in freshwater marshes and 
the in range of salinities occurring in the m odern ocean. The record of 
tem perature variations in Pacific Deep W ater (Chappell and Shackleton, 
1986) is m arked by short periods of higher tem perature (=1-2°C) in 
interglacial optima, a pattern not observed in any of these records. On the 
other hand magnetotactic bacteria are known to be sensitive to nutrient 
conditions and oxygen in particular (Blakemore et al., 1984).
Superficially, oxygen concentrations in the water column of the Tasman Sea 
(figure 6.33) do not appear to account for the pattern  of m agnetite 
concentrations in the core; for example there are great differences between
Samples from ODP Leg 133 core 820 from the continental shelf of Queensland 
(with water temperatures >15°C) were examined by me for bacterial 
magnetite. A narrow interval above the last glacial depth had high 
concentrations of magnetosomes and high proportions of octahedral 
magnetosomes.
Mineral Magnetic Detection of Aeolian dust 271
E26.1 and E39.72 which have similar oxygen concentrations today but very 
different records (and likewise SO-36-61 and C l/86). However the history of 
oxygen concentrations in the water masses, deduced independently, has 
intriguing sim ilarities. Several ocean circulation models make specific 
predictions for glacial ocean oxygen concentrations (Boyle, 1988; Marino et 
al., 1992), usually based on carbon isotope records and the known inverse 
relationship between nutrients (inferred from 513C) and oxygen saturation. 
The consensus is that in the glacial ocean intermediate water bodies were 
enriched in oxygen and deep water depleted with respect to the m odern 
ocean.
Assum ing this m odel to be correct, interm ediate w aters should have 
m axim um  oxygen concentration in glacial stages and deep w aters the 
reverse. If we further assume that the m agnetotactic bacteria prefer a 
narrow range of low oxygen concentrations (Blakemore et al., 1984), with the 
lower lim it close to the concentrations of the m odern oxygen m inim um  
zone in the Tasman Sea, then glacial deep water, being depleted in oxygen, 
becomes less suitable for the bacteria while oxygen-enriched intermediate 
water becomes more favourable. This, superficially, explains the patterns 
observed in the deep cores (E39.72 and E39.75) and SO-36-61 (figure 6.34). 
Furtherm ore, higher in the interm ediate w ater oxygen concentrations 
would have changed from favourable in interglacials to unfavourable in 
glacials when oxygen concentrations were too high for the bacteria. This 
would account for the pattern in E26.1.
However in order to account for the behaviour of C l/8 6  it is necessary to 
take account of local conditions which may also play a role. In particular, 
the flux of organic m atter to the sea-floor is im portant in modifying the 
chemistry of the pore waters of the upperm ost sediments which are the 
habitat of the bacteria. Respiration by benthic scavengers feeding on the 
organic detritus consumes oxygen and could, conceivably, so reduce oxygen 
w ith in  the pore w aters that conditions become unsu itab le  for the 
m agnetotactic bacteria. Presum ably then the spatial and tem poral 
p roductiv ity  gradients affect the observed records. C l/8 6  has had 
consistently higher fluxes of planktic material (based on calcium carbonate 
flux, see chapter 4) than SO-36-61, which has had uniformly low levels of 
organic flux. The C l/8 6  record may well be the product of largely local 
processes while SO-36-61 records the broader water mass history.
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Applying the same argument to the deep cores, which record glacial calcium 
carbonate flux maxima, the conclusion is that CDW oxygen concentrations 
m ust have been relatively stable over time to explain the generally 
bacterially-favourable conditions at E39.75 for the last 400 ky. E39.72, being 
below the carbonate compensation depth at times and influenced by AABW, 
has a more complicated record. This model also implies that oxygen 
concentrations at E26.3 and E26.4 have always been quite stable, while in the 
earlier period at E39.75 there were significant shifts in oxygen concentration 
which were not caused by changes in the local organic flux.
The model of interstitial oxygen concentration control of magnetotactic 
bacteria appears to work reasonably well. Interestingly, the argument cannot 
be sustained if oxygen saturation is assumed to be the controlling factor and 
this may explain the relatively poor relationship betw een the bacterial 
record and carbon isotopes (12C is concentrated in organic matter along with 
phosphorus and is thus used as a tracer of nutrients. P in sea-water is 
inversely related to oxygen saturation but has no clear relationship to 
oxygen concentration; e.g. figure 6.33). The argument requires that oxygen 
concentration of intermediate waters increased in glacial periods, with a 
strong gradient between 1000 and 1500 m, but that circum-polar deep water 
was relatively unaffected. Variations in oxygen concentration appear to 
have occurred in unison with the major global environm ental changes 
recorded by oxygen isotopes.
The im portant conclusion is that the magnetic record of these Tasman Sea 
sediments is controlled by the relative concentrations of bacterial magnetite 
and haematite. The strength of the fine SD magnetite remanence compared 
to the haematite signal means that remanence parameters essentially record 
the concentration of bacterial m agnetite only. The popu lation  of 
m agnetotactic bacteria is in turn largely controlled by the chemical 
environm ent of the ocean and sediments, most probably interstitial oxygen 
concentration.
6.6.2 Superparamagnetic Component
Several lines of evidence indicate that the strong superparam agnetic 
com ponent in the Tasman Sea sediments is formed by oxidation of the 
bacterial magnetite. The SP component only occurs in association with the
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fine SD (bacterial) m agnetite component. SD m agnetite has only low 
frequency dependence (around 5-6%), or a  values, so the strong SP signal 
(around 10%) is definitely not that of the SD magnetite itself.
Low tem perature oxidation of SD m agnetite has been shown to yield 
maghemite by removal of Fe2+ ions from the crystal lattice while preserving 
the overall structure and grain morphology (Worm and Banerjee, 1984). 
This phenom enon has been described previously in m arine sedim ents 
(Johnson et al., 1975) and specifically for bacterial magnetosomes (Vali et al., 
1987; Vali and Kirschvink, 1989). Kent and Lowrie (1974) observed that 
oxidation of SD m agnetite grains to maghemite produces SP maghemite 
grains at the same size. This is because the SP/SD threshold in maghemite 
is at 0.09 pm (Dunlop, 1990) to 0.115 pm (Readman and O'Reilly, 1972) for 
equant grains, thereby including all the bacterial magnetosomes (figure 6.32). 
Kent and Lowrie observed that the oxidation process is dependent on 
oxygen concentration and time, and occurs at the sediment surface.
The association of high SP contributions with strong chroma in at least two 
cores, E39.72 and C l/8 6 , also suggests a strongly oxidizing environm ent 
(Lyle, 1983). The lack of any association in SO-36-61 and the poor correlation 
in C12/87, is possibly because the bright colours are due to the oxidation state 
of iron in clays such as smectite (Lyle, 1983) and therefore depend on the 
presence of clays and not the maghemite itself which is dark brown (Murray, 
1979). Both E39.72 and C l/8 6  have higher proportions of clays than SO-36-61 
and C12/87.
Amongst the cores, only E26.3 and E26.4 have a SP component present over 
their en tire  lengths, possibly indicating sustained highly oxygenated 
conditions. This is consistent with the accompanying presence of bacterial 
magnetite and the position of both cores in an area under the influence of 
the high-oxygen AABW (Rodman and Gordon, 1982). By contrast the 
shallower cores C l/8 6  and SO-36-61, in the oxygen m inimum zone today, 
have strong SP contributions only at the core tops. This, and the lower 
incidence of bacterial magnetite overall, are consistent with lower oxygen 
concentrations generally. The m oderate SP signal in C12/87 covaries with 
the less su p erp aram ag n e tic  'D' com ponent. At p resen t oxygen 
concentrations in the deep New Caledonia Basin are similar to those of the 
oxygen m inim um  zone. However the SP signal indicates that overall
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conditions are highly oxidizing, perhaps less so only for brief periods 
including the Holocene.
Both E39.72 and E39.75 show a distinctive increase in SP com ponent 
strength at about 5 metres depth (figures 6.14 and 6.15), equivalent to stage 10 
in E39.75 and stage 8 in E39.72. In E39.75 this point also marks the onset of 
increased  carbonate  accum ulation  rates (chapter 4) and  aeolian 
accum ulation rates (chapters 4 and 7) and the point at w hich the 
Xarm/SIRM  record begins to mimic the S180  record (figure 6.34 a). In E39.72
non-carbonate MAR increases at around stage 10, earlier than the SP shift. 
The near synchroneity of these changes in deep-water chemistry, surface 
water productivity and continental aeolian flux suggest a major change in 
the regional, or perhaps world, climate. This may have a counterpart in the 
North Pacific, in the so-called 'Mid-Brunhes Climatic Event' (Chuey et al., 
1987; Hovan et al., 1991) (chapter 8).
In summary, the SP component identified in these sediments is identified as 
SP m aghemite forming from the low -tem perature oxidation of bacterial 
magnetite. The strength of the SP signal reflects the oxygenation of the 
water masses a n d /o r  the surface sediments and records both deep-water 
interglacial oxidation and a step-wise shift in oxygenation at around stage 10.
6.6.3 'D' Component
The ferrimagnetic 'D' component found in these cores is most likely SD 
maghemite. The component is differentiated from magnetite by its slightly 
'harder' remanence and from haem atite by its distinctively ferrimagnetic 
behaviour and stronger magnetization. 'D' component is not associated 
with the SP m aghem ite component, having quite different distribution 
patterns in the cores, although both are generally associated w ith the 
bacterial magnetite.
Figure 6.8 is a compilation of all samples used in this study, showing IRM- 
300/SIRM against IRM-ioo/SIRM . In all cores but E26.1 (figure 6.8 a) 'D' 
component is found mixed with magnetite almost exclusively. In E26.1 the 
opposite appears to be the case and 'D' is found in com bination with 
haematite rather than magnetite (figure 6.22 a). This finding suggests that 
'D' may not be simply the product of alteration of bacterial m agnetite,
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how ever the E26.1 sam ples, having very weak rem anence, may be 
unreliable. As noted above, m aghem itization of SD m agnetite should 
produce SP maghemite grains rather than the magnetic, probably SD, 'D' 
component. It is possible that the 'SD' behaviour is the result of clustering 
and interaction of SP grains (Maher, 1988; M orrish and W att, 1957; 
Radhakrishnam urty et al., 1973).
In C12/87 and E26.4, as in E26.1, 'D' component occurs throughout the core 
whereas in the other cores it is present only in the core top, generally above 
1 metre depth. The vertical zonation of 'D' component in these latter cores 
is suggestive of either authigenesis in the upper sediments, or destruction of 
a detrital component after burial. If authigenic then presum ably formation 
has only begun recently (last 50 ky) or it is altered on deeper burial. One 
possible source is the coarse SD/PSD magnetite in aeolian dust. Oxidation of 
these larger grains could yield SD maghemite. In this scenario it is hard to 
account for the observed down-core distribution patterns without invoking 
initial oxidation to m aghem ite followed by further alteration (in some 
cores) resulting in transformation to an unidentified third mineralogy. The 
persistence of bacterial m agnetites in all the cores argues against such 
dram atic transformation.
A further potential source of magnetic minerals is the sulphide group, 
including  pyrrhotite  and pyrite. Pyrrhotite is strongly ferrim agnetic 
(O'Reilly, 1984) but can only form in reducing, anoxic, conditions. In the 
Tasman Sea cores, especially those from the Lord Howe Rise, the occurrence 
of the infaunal benthic foram inifera Uvigerina attests to the continually 
oxygenated state of the surface sediments (see chapter 4 for extent of 
Uvigerina sampling). In E39.72 glauconite is found throughout the core, 
especially in low carbonate sections, indicating the absence of reducing 
conditions (Berner, 1981). The sediment colour of most cores, especially the 
core tops where the 'D' com ponent is most common, is usually bright 
orangey brow n, another indicator of oxic conditions. The presence of 
sulfides, or significant sulfide reduction seems unlikely.
In this study I have developed new methods for discrim inating between 
m agnetic mineralogies. In particular the IRM-300/SIRM  against IRM- 
IOO/SIRM plot is a simple but powerful tool for differentiating between 
different m inerals and observing their mixing. This has also allowed 
identification of the 'D' component, which is probably SD maghemite, and
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its expression by a new parameter. The origin of the component is not clear 
but it does not appear to derive from oxidation of bacterial maghemite or to 
be aeolian.
6.6.4 Haematite and Detrital Components
The fourth main component in the Tasman Sea sediments is haematite. In 
all cores except E26.1 haematite is found mixed with various proportions of 
SD m agnetite (figure 6.8). Because of the m uch stronger m agnetite 
remanence, haem atite-dominated intervals are actually 'w indows' or gaps 
in the m agnetite record. Using the HIRM param eter to m easure 
concentration (e.g. figure 6.6) is not a reliable method because of the strong 
dependence on both the calcium carbonate content and SIRM. That is, 
HIRM may be dominantly reflecting the total concentration of all magnetic 
com ponents a n d /o r  the strongly  m agnetic  m agnetite  com ponent 
preferentially. Consequently it is not possible to determ ine haem atite 
concentration independently in these mixed assemblage sediments.
In studies of N orth Atlantic sediments (Bloemendal et al., 1988; Robinson, 
1986) haematite was used as a tracer of aeolian dust. However, the analysis 
of m odern Australian dust (section 6.3) has shown that coarse SD/PSD 
magnetite is the dom inant magnetic mineral, and haematite is only weakly 
detected. Volumetrically these proportions may be reversed, however in 
the first instance coarse magnetite should be the best magnetic tracer of 
Australian dust. Low xa r m /SIRM , high IRM20 /ARM  intervals in the
sediments are thought to be an artefact of mixing between fine SD (bacterial) 
m agnetite and haem atite (which has values of both indices sim ilar to 
coarser magnetite) rather than coarse SD/PSD m agnetite and haematite. 
This is suggested by the low magnetisation of those intervals, where even 
PSD magnetite could not possibly be present in significant quantities.
The origin of the haematite in these sediments is still unexplained. It may 
indeed be aeolian in origin, although this w ould  require  that the 
accom panying m agnetite had been rem oved; either by dissolution or 
conversion to haem atite. The preservation of bacterial m agnetite in the 
same sediments indicates that this was not the case. Another possibility is 
that the m odern dust samples are not representative of prehistoric dust, 
either because the samples are not of dust (unlikely), they are contaminated
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(possible) or the extent of wind erosion in the cropping belt of Australia is so 
great that previously stable materials (subsoils, for example) with different 
m ineralogies are contributing the bulk of the dust today. A further 
possibility is that the haematite is a purely authigenic product (and could 
even be goethite). None of these hypotheses can be adequately tested.
The only confirmed detrital product in these sediments was volcanic ash. 
Two large rhyolitic tephras and several possibly basaltic tephras were 
identified (chapter 4). There is no single characteristic magnetic mineralogy, 
in most cases they seem to be non-magnetic and are distinguishable only 
because they lower the concentration of the background magnetic signal. 
An exception may be the tephra at 315 cm depth in E26.4 which has a 
distinctive strong 'D' signal. However in figure 6.8 it is obviously atypical of 
other 'D' com ponent samples and may represent a distinct mineralogy. 
A lthough pyrite has been found in altered volcanic ash in the region 
(Nelson et al., 1986) it is not known if it is present in this tephra.
6.7 Summary and Conclusions
Mineral m agnetic analysis of these sediments was not useful in tracing 
aeolian dust. This was because the aeolian tracer (identified from m odern 
dust samples) could not be identified in the marine sediments. Overall, the 
magnetic assemblage of the marine sediments was dom inated by in-situ 
minerals which vary in response to changes in ocean water and sediment 
chemistry. Consequently there are fundamental problems in using certain 
m agnetic m inerals as detrital tracers in the m arine environm ent, both 
because they m ay be unstable and not preserved, and because the 
concentration of antiferrom agnetic com ponents in m ixed assem blages 
cannot be determined.
During the course of the study it became apparent that many conventional 
mineral magnetic techniques, particularly for determining magnetic grain 
size, are likely to yield misleading results in mixed assemblages. Parameters, 
such as %a rm /SIRM and IRM20/ARM, which are known to be sensitive to
variations in m agnetite grain-size in m ono-m ineralic sam ples, become 
indicators of mineralogy in mixed samples. Only when a single mineralogy 
can be detected or when mixing with other mineralogies can be accounted 
for should they be used to infer magnetite grain geometry.
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There is some evidence that %a rm /SIRM is also responsive to grain shape.
To date, most rock and mineral magnetic experiments have concentrated on 
uniform mineralogies, most usually magnetite, and morphologies (equant). 
In the study of natural materials, where there are mixtures of minerals and 
grain geometries, the lack of background theoretical and experim ental 
studies of heterogeneous sam ples is severely lim iting. Most of the 
in terpretations presented here can only be tentative until controlled 
experiments are undertaken.
In the analysis of these samples several useful measures and techniques 
were devised. In particular the simple comparison of normalized backfield 
rem anences (IRM-300/SIRM against IRM-ioo/SIRM ) was very useful for 
distinguishing m ineralogy and mixing between minerals. Using this 
m ethod the presence of a ferrim agnetic com ponent CD'), probably  
m aghem ite, could be easily d istinguished. N orm ally m aghem ite is 
notoriously  d ifficu lt to identify . Secondly, the de te rm ina tion  of 
superparam agnetic contributions in low susceptibility sam ples, w here 
frequency dependence of susceptibility cannot be m easured reliably, was 
m ade using the SIRM-normalized difference between rescaled values of 
SIRM and susceptibility; the a  value. Good agreement was found between 
this measure and values of frequency dependence of susceptibility.
The determ ination of haem atite concentration was not possible in these 
mixed mineralogy sediments. The much weaker antiferromagnetic signal is 
drow ned by even low concentrations of fine grained magnetite such that 
neither IRM-300/SIRM or SIRM+IRM-300 reliably record only haem atite 
concentration.
The magnetic record is principally one of variations in the concentration of 
fine SD magnetite, against a background of haematite. The m agnetite is 
formed by magnetotactic bacteria living in the low-oxygen conditions of the 
surface sediments. These organisms are apparently sensitive to interstitial 
oxygen concentration and record both changes in water mass oxygenation 
and local flux of organic matter to the sea-floor. The record they provide in 
several cores in the intermediate and deep waters suggests that Antarctic 
Intermediate W ater was enriched in oxygen during glacial stages, compared 
to present, while Circum-polar Deep W ater was essentially the same as 
today.
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In the two longest cores, E39.72 and E39.75, a change in deep water chemistry 
and the wider environment is indicated by stronger oxidation of bacterial 
magnetite to SP maghemite, the synchroneity of changes in oxygenation and 
the stable isotope record after about 350-400 ky, and the contemporaneous 
increase in planktic productivity and aeolian flux.
Overall, magnetic minerals in these marine sediments have been shown to 
be sensitive to changes in their chemical environment. The true value of 
m ineral m agnetics in the m arine env ironm ent m ay well be in 
palaeoceanography rather than in tracing detrital inputs.
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Chapter 7 D ust Flux to the Tasman Sea
From the data presented in the two preceding chapters it is possible to 
identify patterns of dust transport and deposition and interpret them in 
terms of the control exerted by the modern environment, and therefore 
infer environmental conditions of the past. The first section of this chapter 
will examine the spatial and temporal patterns in the dust flux record and 
the second section will examine the causes of these patterns.
7.1 Fattems of Dust Flux to the Tasman Sea
7.1.1 The Location of the Transport Path
Six cores were specifically chosen to form a meridional transect in the 
central Tasman Sea to identify the extent and position of the dust transport 
path. The cores extend from 27°S to 45°S and, with the exception of the 
northernmost core (at 165°E) which was later discarded because of the lack of 
reliable chronology, they lie close to 160°E. They therefore lie at varying 
distances from the likely dust source areas, the three cores on the Lord Howe 
Rise being closest. The differences in distance involved are less than five 
hundred kilometres (from a notional source at Lake Eyre), which is 
considerably less than the extent of the potential source areas within 
Australia. At more than 2000 km distance from Lake Eyre these differences 
can be expected to have a minor effect, at most, on the results obtained.
The individual records used are those presented in chapter 4. The E39.75 
record is a composite of the trigger core values (0-100 ky) and the piston core. 
Values of aeolian flux in E39.75 PC used here have been recalculated to 
eliminate the disagreement with the trigger core by correcting for the 
differences in recovery of aeolian material which resulted from the 
chemical treatment of the piston core samples (<800 cm). The adjusted PC 
flux values are higher. Flux values for the cores E26.4 and E26.3 were
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calculated using the relationship between carbonate content and aeolian 
dust content found in E39.75 TC and C l / 86. The sedimentologic evidence 
points to an essentially two component sediment assemblage (aeolian and 
carbonate) and therefore the estimates of ’aeolian' content are likely to be 
reasonably accurate. The poor resolution of the chronology in E26.3 and 
E26.4 , on the other hand, is the more serious problem with these data since 
individual isotope stages, let alone sub-stages, cannot be resolved.
Perhaps the best picture of the changing flux of dust to the core sites in the 
transect is obtained by overlaying them directly, as in figure 7.2 , below. In 
this flux-time dom ain the tim ing of events and cum ulative flux, or 
duration of events, can be assessed but there is no direct spatial information. 
A second method of presenting the data is to use the flux-space domain for 
selected time-slices (figure 7.1). Dust fluxes presented in this form are the 
range of values observed in a particular interval of time. In the case of 
E39.75 a very brief peak of high dust flux is recorded near the boundary of 
stages 1 and 2 and therefore the range of values is particu larly  
unrepresentative of the 'average' conditions in either stage. The flux values 
for these two stages in this core are presented as a modal value with bars to 
indicate the full range observed. The isotope stages themselves are not of 
equivalent length and thus stage 6 includes interstadia equivalent to stages 3 
and 4 in the last glacial cycle and stage 1 (the Holocene) is equivalent to sub­
stage 5.5 (5e) of the last interglacial. The time periods used for comparison 
are; stage 1 (0-12 ky), stage 2 (12-24 ky), stage 5.5 (115-130 ky), stage 6.2 (130-143 
ky) as well as extreme values in stage 6 (to 190 ky) and stage 7 (190-244 ky). 
The coverage of each of these intervals is not complete. At least part of stage 
1 is missing from all the cores and in C l/8 6  stage 2 is also missing. Stage 7 is 
not fully penetrated in C l/86  or E26.3.
The Interglacial  D u s t  P lu me
The dust plume is clearly visible from the transect (figure 7.1). High dust 
fluxes during interglacials in the southern Tasman Sea m ark the centre of 
the dust plume between E26.3 and E39.75; 42°S to 36.5°. Fluxes decrease to 
the north and apparently to the south as well, although this is less certain. 
In the north the edge of the plume is seen in the transect to lie near C l / 86 
(33°S) during interglacials. Fluxes to SO-36-61 are uniformly low.
The significance of the positioning of the dust plume is in its relationship to 
the wind belts. In chapter 2 the example of the February 1983 Melbourne
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dust storm was used to illustrate the meteorological conditions typical of 
dust storms. Briefly, these are; dust raising is greatest at or preceding cold 
fronts passing over southeastern Australia. The intense fronts and winds 
are generated by a strong pressure gradient between a stationary high 
pressure cell over the Tasman Sea and a low pressure cell around the 
latitude of Tasmania. The high pressure cell directs hot air from central 
A ustralia southeast over New South Wales and Victoria, heating the 
ground and reducing soil moisture. The turbulence of the front is increased 
by the strongly heated ground enabling entrainm ent while convection over 
the front lifts the dust high into the troposphere.
The passage of the front and transporting winds is limited by the positions 
of the high and low pressure cells. The high pressure cells usually sit over 
the Tasman Sea, but may be as far north as the Coral Sea (Loewe, 1943). The 
average position of high pressure cells in summer is between 35°S in low 
southern oscillation index (SOI) years and 30°S in El N ino/h igh  SOI years 
(Drosdowsky, 1988). Therefore the average northern  lim it of dust 
entrainm ent and transport is expected to be the sum m er position of the 
high pressure ridge (the subtropical ridge) although some dust events occur 
further north when the ridge is unusually displaced towards the equator 
and the cold fronts can extend into Queensland. The low pressure cells 
generally pass between 40° and 45°S, south of the m ainland, during dust­
raising events. The southern lim it of the dust plum e therefore is 
determined by availability, i.e. the edge of the continent. The centre of the 
plum e may be either simply the position where entrainm ent events are 
most common or, more likely, determined by the two controls of 1; supply, 
which increases to the north as erosion hazard increases, and 2; transport, 
w ith winds increasing in strength towards the south. The centre of the 
plume would then indicate maximum wind erosion.
Far from source, in the Tasman Sea, the northern edge of the dust plum e is 
expected to mark the summer position of the subtropical ridge. Indeed the 
interglacial transects (figure 7.1) indicate that this is so; the margin occurs at 
or to the south of C l / 86 at 33°S. This position has been constant for stages 7, 
and 5 and also the Holocene (stage 1 is missing in C l/86). Low dust fluxes to 
the northern cores reflect 'leakage'; dust transported in the relatively rarer 
events when the high pressure cells were further north, possibly extreme 
ENSO events, w inter or spring dust storm s or random , low probability 
deviations from the averaged pattern. The southern m argin of the dust
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plume during interglacials is probably close to 50°S, marking the trajectory 
from the southern margin of Victoria. This is in good agreem ent with 
meteorological conditions of m odern dust events where air is directed 
southeast from Australia, over the Tasman.
The centre of the plume is more difficult to pinpoint with certainty, partly 
because of the spacing of cores but mostly because of the low resolution 
within E26.3. Between the stage 3.3 and 6.0 datum  points in E26.3 there is an 
interval of high dust flux. Fluxes may have been uniformly high during 
this interval, as assumed, or concentrated in stage 5, sub-stage 5.5, stage 4 or 
the boundary between stages 4 and 5. The timing of this peak in dust flux is 
im portant since, not only is it a major event in the record, but the pattern of 
dust flux during stage 5 appears to have been different to that seen in the 
Holocene or stage 7. It is possible to say that during interglacials, including 
the present, peak dust fluxes were experienced between 36.5°S and 42°S and 
this position marks the downstream trajectory from the major source area 
in southern Australia.
The Glacial Dust Plume
Cross-sections of aeolian dust flux along 160°E during the last glacial period 
(stage 2) and the penultimate glacial (stage 6) show a similar pattern to the 
interglacials but with the plume translocated northward and inflated on the 
northern  side (figure 7.1 b). The northern boundary of the plum e lay 
betw een C l/8 6  and SO-36-61 (30.5°S - 33°S) during stage 6 and almost 
certainly in the same position during stage 2. This represents a northw ard 
shift of 3° latitude (330 km) at most of the subtropical ridge.
The southern boundary of the plume lies to the south of E26.4 during the 
glacial stages, however although fluxes to this core appear to be lower than 
in interglacials this may be an artefact of the age model which does not 
account for the almost certainly higher sedimentation rates in the carbonate 
peaks seen in stages 2 and 6. The decline of flux from E26.3 to E26.4 suggests 
that the southern edge of the plume is near 50°S during glacials and that 
therefore the am plitude of the standing wave in the westerly circulation 
over the Tasman seen during dust events (see chapter 2) was unchanged 
from the interglacials.
The dust plum e maximum during glacial stages lay between E39.75 and 
E26.3 as it did in interglacials (figure 7.1 a). The relatively greater glacial to
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interglacial differences in cores E39.75 and C l/86 compared with E26.3 
suggests a slight northward shift but this cannot be confirmed without better 
time resolution in E26.3. Peak stage 2 dust fluxes to E39.75 occurred after the 
glacial maximum and over a brief interval. As a result the stage 2 transect is 
misleading in suggesting the peak dust fluxes occurred at E39.75, although 
this may have been so for a brief period following the glacial maximum.
During glacial periods the flux of dust to cores E39.75 and Cl/86 was much 
greater than during interglacials. This increase was probably in part due to 
the northward movement of the subtropical ridge and westerly wind belt. 
The question is then raised; did the flux of dust from Australia really change 
from glacial to interglacial conditions, or are the apparent changes the result 
of core location? This is considered in the next section.
7.1.2 The Response of Dust Flux to the Glacial Cycles of the Last 400 000 
Years
The response of the Australian dust plume to the glacial cycles is illustrated 
well by the superimposed dust flux records shown in figure 7.2. The 
northern cores, with isotope chronologies, present a generally consistent 
history of glacial increases in dust flux while the flux and increase in flux 
decrease to the north (figure 7.2 a). Cores E39.75 and SO-36-61 are 
continuous through four cycles. While SO-36-61 records small increases in 
aeolian flux during stages 10 (mostly tephra) and 8 the record after 230 ky is 
one of uniformly low fluxes. E39.75, on the other hand shows increasing 
flux from stage 10 to 6 and then high but very brief aeolian fluxes late in 
stage 2. Increased dust flux during stage 4 is recorded in Cl/86, although flux 
is actually highest at the stage 4/stage 5 boundary. No other cores show 
significant stage 4 peaks, although minor peaks, at the limit of resolution, 
are seen in E39.75 TC and SO-36-61 at 70 ky. Stage 5.5 in E39.75 is marked by 
high fluxes, as high as stage 6.2, using this age model.
This pattern is not at all apparent in the two southern cores (figure 7.2 b) and 
while this may be partly due to the low resolution of the age models used, 
age datums at stage 2, 6.0 and 6.5 confirm generally lower fluxes during these 
stages (however still high in comparison with other cores).
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Superficially at least there is a suggestion that the total flux of dust 
(represented by the area under the time-slice curves in figure 7.1) has been 
approximately equal between glacial and interglacial extremes. The sum of 
the fluxes to the 5 cores will give an estimate of dust flux crossing the 
transect since the intervals between cores are relatively uniform. The 
requirem ents are that both flanks and the node of the dust plum e are 
represented. Four cores extend back to 280 ky (early stage 8); SO-36-61, E39.75, 
E26.3 and E26.4 while all five cores overlap for the interval 30 ky to 190 ky. 
The sums of the fluxes, interpolated at 10 ky intervals, to all five cores, the 
four longer cores and the three northern cores are shown in figure 7.3. The 
three northern cores total record shows stage 6 as a sharply defined peak of 
higher aeolian flux, double that of stage 5. Addition of the two southern 
cores alters the pattern markedly with stage 3 emerging as a period of low 
flux after an extended period of high flux lasting through stages 6 and 5. 
W ithin this high flux interval the stage 6 glacial maximum is a period of 
relatively low flux. Stage 8 is shown as a period of high flux in the sum of 
the four long cores, mostly due to a jump in the E26.4 record (high flux 
values due to the tephra in E26.4 were excluded), and stage 2 is also shown 
as a minor peak, occurring close to the Holocene boundary.
The high flux interval in E26.3 between stage 3.3 and 6.0 is problematic. It is 
a real zone of high sedimentation rate and of low calcium carbonate content. 
There is an assumption implicit in the discussion so far that the core has not 
been contaminated by supply of sediment from a non-aeolian, non-biogenic 
source. This m ust rem ain unclear in the p resen t study , w ithout 
mineralogical or chemical analysis of the core. Further, the chronology has 
its lowest resolution in this section of the core, incorporating the transition 
from one glacial stage to an interglacial (sub-stage 5.5, where high aeolian 
fluxes were found in E39.75), the interglacial and interstadial (stage 4). The 
smoothing of all these events has given the uniformly high 'aeolian' fluxes 
observed. The problem  cannot be resolved w ithout high tim e-resolution 
cores from the southern Tasman.
Total dust flux to the Tasman has indeed varied over the last four glacial 
cycles. Fluxes in glacial stages 8, 6 and 2 and interglacial stage 5 were 30-50% 
higher than in stages 7 and 3. High time-resolution cores from the southern 
Tasman Basin are urgently needed to improve the overall record of aeolian 
flux from Australia.
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7.1.3 Long-Term Trends in the Dust Record
An abrupt change in the long-term record of dust flux in E39.75 occurred in 
stage 10, 350 ky, coincident with an increase in the relative abundance of the 
very fine silt component. The complete record from core E39.75 extends 
back to the Jaramillo palaeomagnetic event, over 1 million years. The next 
longest core, E26.4, covers the the full Brunhes Chron but its record is of low 
quality compared with E39.75.
High, fluctuating dust flux is limited to the upper 400 ky of the E39.75 record 
(figure 7.4). Before that time the record shows low flux with minor 
variability back to 1 million years ago. The shift in stage 10 not only marked 
the beginning of the pattern of glacial dust flux maxima, but also saw an 
increase in the background levels of dust flux during interglacials (figure 
7.4).
The particle size distribution of the aeolian dust in E39.75 also changed after 
stage 10. In the lower part of the Brunhes Chron the alternating mixture of 
the dominant fine silt (mode 6-8 |im diameter) with a very fine silt (=3pm) 
component resulted in a series of cycles of coarser and finer distribution 
reflected in the coarser and finer median particle size (figure 7.4 c). In stage 
10 the very fine silt component again increased in relative abundance but 
remained so until the present in an almost fixed proportion with the fine 
silt component (chapter 5, figure 5.5) giving rise to consistently finer median 
grain sizes. Given the increase in flux which occurred synchronously, this 
change represents the greater activation of the source of the very fine silt 
fraction.
The complete record of dust flux from E26.4 (chapter 4) includes an interval 
of high ’aeolian' flux between 250 ky and 400 ky. While this may be due to 
one or more unresolved 'events' or simply higher overall fluxes, the 
pattern in E26.4 supports E39.75 and indicates that the increase after 400 ky 
was not caused by a simple northward shift of the dust plume but was a 
widespread increase in dust flux from the Australian continent.
The log of aeolian flux to E26.1 shows a gentle increase beginning at 300 ky, 
also marking a more rapid increase in the proportion of dust in the 
sediment (figure 4.31), however the core does not extend beyond 340 ky and
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therefore the relationship of this change in E26.1 to the stage 10 event seen 
in E39.75 is uncertain. The SO-36-61 core however extends to 420 ky but 
shows little change in the very low aeolian fluxes recorded (figure 4.30). 
This is complicated by the occurrence of the Rangitawa tephra in stage 10. 
The SO-36-61 record is consistent with its present location north of the main 
dust plume.
7.1.4 Summary
1. Throughout the last 400 000 years dust flux from Australia to the Tasman 
Sea has been greatest in the south, between 50°S and 33°S centred on 40°S.
2. The glacial cycles have been marked by northw ard m igration of the 
northern  boundary  of the dust plum e during  glacial stages. This 
movement, controlled by the position of the subtropical ridge in summer, 
has had a maximum shift of 3° of latitude, or 330 km.
3. Overall, fluxes during glacial stages were 30-50% higher than interglacials, 
although stage 5 may have had equally high fluxes. The poor records from 
the southern Tasman Basin limit the interpretation of glacial to interglacial 
shifts in flux and dust plume position. Much of the glacial to interglacial 
difference in dust fluxes seen in E39.75 and C l/8 6  is due to the latitudinal 
shift of the northern margin of the dust plume rather than real increases in 
dust flux to the system.
4. A major change occurred in the dust system in stage 10, which saw an 
overall increase in the flux of dust and the establishment of the pattern of 
glacial dust flux maxima. This was synchronous with an increase in the flux 
of the very fine silt component of the dust.
7.2 Controls on the Flux of Dust to the Tasman Sea
In chapter 1 the response of dust flux to variation in the controlling factors 
of supply and transport was investigated and a model proposed for their 
decoupling in the marine record. The supply control is principally erosion 
hazard (vegetative cover, soil moisture), which is highly variable in the 
short term  and has a response interval of less than 1 year in southeastern
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Australia (Yu et al., in press). Other controls, such as soil erodibility and 
availability (including replenishment of source areas) vary on longer time- 
scales and may be im portant over the periods of time recorded in these 
cores. The transport controls are distinguished from entrainment, in which 
the frequency of erosive events m ay vary, and w hich cannot be 
distinguished from geomorphic supply factors. The velocity (strength) and 
turbulence of the transporting w inds control flux both by the effect on 
capacity (discharge) and competence, whereby stronger winds enable larger 
particles to be transported further.
Three methods can be used to examine the control of transport strength on 
dust flux. The first, outlined in chapter 1, uses the relative changes in flux 
to sites in a downstream  transect. The second utilizes the particle size 
distribution as a measure of the competence of the transporting winds and 
com parison with the flux records. The third is external and is simply 
comparison of the Tasman Sea record with independent records of wind 
strength. The first two, intrinsic, tests are dealt with below while the third is 
treated in chapter 8.
7.2.1 The Downwind Transect - Testing Supply v Transport Controls on 
Flux
Two cores have been used to construct a rudim entary dow nw ind transect; 
E39.75 and E26.1. Nearly 1000 km separates the cores and both provide high 
quality, long records. These points are supplem ented by two others where 
estimates of m odern dust flux have been made; Adelaide (Tiller et al., 1987) 
and the New Zealand glaciers (Windom, 1969).
The transect for the interglacial and modern dust flux estimates (figure 7.5 a) 
show s rem arkably good agreem ent betw een the m odern trans-Tasm an 
estimates and the Holocene values from the two cores. Not only are the 
values, derived by diverse methods, in the same range they show a regular 
decline across the Tasman, as the model proposed in chapter 1 predicts. The 
extreme value of dust flux in isotope stage 1 occurs at the boundary with 
stage 2 and is therefore not strictly comparable with the m odern estimates. 
Estimates of the last interglacial dust fluxes to the two cores also confirm the 
trans-Tasman decline in flux. There is therefore a good basis for accepting 
the model.
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The glacial reconstruction (figure 7.5 b) includes only two points. While the 
stage 6.2 values of dust flux to the two cores maintain a relationship similar 
to the interglacials the stage 2 values do not. The method of construction of 
the transects is in fact misleading in this case since the stage 2 peaks in the 
two cores may not be synchronous. A better way of viewing the data is to 
overlay the two cores and then calculate the differences betw een them 
(figure 7.6).
According to the model (see figure 1.3) the flux of dust to a particular site 
downstream  of the source is a function of distance and the strength of the 
transporting wind. The difference in flux betw een two sites, at fixed 
distances, is therefore solely the product of wind strength; greater differences 
occur when the wind is stronger and the gradient of declining dust flux is 
higher (figure 1.3). The difference between E39.75 and E26.1 (figure 7.6 b) 
should then record the strength of the transporting wind by its magnitude.
In figure 7.6 b, the horizontal line is the difference between the two cores in 
the Holocene; points above this line should indicate stronger w inds and 
those below weaker winds than present. Dust flux differences were more 
positive than Holocene values during late stage 2, early stage 6 and stage 8 
but lower during the last glacial maximum, stages 3, 4, late stage 5, 7 and 9. 
During sub-stages 5.5 and 6.2 differences were close to the Holocene value. 
Smoothed data show lower differences throughout stage 2. Except for the 
notable exceptions of stage 2 and 6.2 differences were greatest during glacials 
and lowest in interglacials.
Also apparent in the data, but especially when the dust flux differences are 
normalized against the flux to E26.1 (figure 7.6 c), is a trend toward smaller 
differences toward the present. Deviations from this trend are not explicable 
in terms of glacial and interglacial periods and the trend itself, while fluxes 
are generally increasing, runs counter to the prediction of the model. As 
well, the negative difference during the last glacial m aximum, i.e. greater 
flux at E26.1 than E39.75, cannot be accounted for by the model, as presented, 
but may be an artefact of the age model of E39.75 TC. There are two possible 
explanations for these phenomena; either the cores are not located at the 
centre of the plum e and are also recording shifts in the latitudinal position 
of the plume an d /o r the size distribution of the dust has changed over time 
and the downwind trend in dust flux was not the declining trend presented.
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The model proposed in chapter 1 (figure 1.3) presupposes a relatively coarse, 
fine-skewed size distribution giving rise to a pattern of highest fluxes of 
deposited dust close to source and smooth exponential decline with distance 
from source (Schutz, 1979). A finer distribution may result in increasing 
flux of depositing dust with distance since the volume of coarser particles, 
deposited earlier, is less than the finer particles with longer settling times. 
The coarse pattern fits well the observed flux patterns in the North Pacific 
(Tsunogai et al., 1985) and equatorial Atlantic (Schutz, 1979) today and the 
Holocene Tasman, as noted above. There are no long-term trends (over the 
last 300 ky) of fining in either core which could account for the apparent 
downw ind flattening of the dust plume (figures 5.4 and 5.10). The particle 
size distributions of samples from the top of E26.1 show a coarsening trend 
from 40 ky to the present. A significantly finer size distribution during the 
last glacial maximum is one explanation of the higher E26.1 fluxes at 20 ky, 
however only a brief interval during the last glacial maximum shows a 
negative difference between E39.75 and E26.1 whereas the dust flux was finer 
for a period of over 30 ky (figure 5.10 a). Changes in the size distribution 
alone cannot account for the full range of flux differences observed.
In the preceding section of this chapter latitudinal shifts of the dust plume 
were noted. E39.75 was noted to lie on the northern flank of the dust plume 
and therefore much of the observed variability in flux is the result of these 
shifts rather than the smaller changes in total flux of the plume. The 
position of E26.1 relative to the dust plume is unknown. If it also lies on the 
northern flank, as seems likely, then high positive differences in dust flux 
would indicate that E39.75 lay closer to the centre of the plume while high 
negative values would occur when E26.1 was much closer to the centre of 
the plume.
Of the three possible causes of change in the downwind dust flux difference 
only the particle size distribution factor can be adequately assessed at the 
present time. Changes in particle size distribution alone do not account for 
the patterns observed, but may contribute to a lesser degree. To assess the 
role of w ind strength  the dow nw ind records them selves have to be 
im proved, both the upstream  m eridional transect and the dow nstream  
transect. In view of the very real physical limitations on the recovery of 
high quality cores in the southern Tasman this improvement may be a vain 
hope. This technique has not been able to adequately decouple supply and 
transport controls on dust flux to the Tasman Sea.
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7.2.2 Particle Size Distributions
The particle size distributions of the Tasman Sea aeolian dust show no 
patterns of distribution in space or time which are unequivocably the result 
of changes in the strength of the transporting winds. Three lines of 
evidence, discussed in chapter 5, lead to this conclusion; the lack of 
detectable relationships between particle size variations and the climatic 
record, the absence of any correctable episodes of size variation between 
cores and the lack of any relationship with observed dust fluxes. Instead 
several components, identified by their modal diameters, are present and 
variation betw een them as the result of supply control gives rise to the 
observed patterns of size variation.
Three possible reasons for the absence of any detectable control were 
advanced in chapter 5; measurement error and poor resolution preventing 
adequate detection of variation in the size of the coarsest component, all the 
particles w here transported by winds much stronger than their critical 
velocities, and were therefore unsorted, or aggregates of fine particles 
formed the original coarse component but have since been dispersed into 
their constituent grains. Since there is evidence that flux does in fact 
decrease across the Tasman in a pattern consistent with gravity settling 
(figures 7.5 and 7.6), and fallout occurs when the grains are unsupported by 
the turbulence of the wind, the second of the possibilities seems unlikely. 
M easurem ent and detection problems are real but are unlikely to hide 
significant shifts in coarse component particle size. The third explanation, 
of fine-particle aggregates, is yet to be tested by m odern dust sampling but is 
more than likely to have been an active factor. This is both because grains 
finer than 10|im have sharply increasing threshold velocity of entrainm ent 
(Bagnold, 1941), and are therefore most easily entrained when they occur as 
aggregates (Breuninger et al., 1989), and because the occurrence of non- 
flocculated clay-sized particles in the arid landscape is a rarity. Source- 
bordering clayey aeolian deposits in A ustralia commonly contain clay 
aggregates (Dare-Edwards, 1982; Sleeman, 1973). It is likely that finer 
aggregates also are entrained in the suspended load and transported far from 
source.
There are changes in the size distribution of the aeolian fraction down-core 
at all sites. These variations are not prim arily the product of transport
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control but are wrought by the differential supply of the several component 
size populations. While these variations appear to be independent of the 
clim ate record (the oxygen isotope record, for exam ple) there are 
geographical patterns to the distribution of the coarse and fine components, 
outlined in chapter 5.
7.3 Summary
Using patterns of changes in both dust flux and dust size distribution no 
firm evidence could be found for transport control of dust flux to the 
Tasman Sea. The flux gradient patterns proved to be unhelpful largely 
because of the inability to precisely locate the peak of the dust plume both at 
the upw ind and dow nw ind transect points. An initial reading of the 
particle size records indicates that there has been little variation in the size 
of the coarse com ponent in the dust over time and that there is no 
relationship with dust flux. It is possible that aggregates of fine particles, 
transported  as the coarse dust m ode, have been broken dow n after 
deposition and thus altered the size distribution of the dust. In core E26.1 
the tendency has been for glacial periods to be intervals of finer size 
distributions, although this pattern is quite dissimilar to the record of dust 
flux.
The supply of different size com ponents has apparently controlled the 
overall size distribution of the dust. Different source areas, or source 
landform  units within the same landscape, have contributed in changing 
relative and absolute importance over time. The notable glacial peaks in 
dust flux in the well dated cores are attributable to changes in the supply of 
dust, presum ably either the availability for erosion or the erosion hazard of 
the Australian landscape. While the flux record is strongly tied to the record 
of global climatic change the changes in dust size distribution are not. This 
probably indicates that availability, or the activity/ replenishm ent of the 
different sources, has not been responsible for the glacial increases in dust 
flux. Rather erosion hazard, or aridity, emerges as the most likely control. 
One exception was the sudden increase of dust flux and the synchronous 
increase in the relative contribution of very fine silt to it which occurred in 
stage 10, at 350 ky. This event m arked a major stepwise change in the 
Australian climate.
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In the individual (well dated) records the glacial stages of the last 400 ky are 
marked by dust flux peaks of different size and timing. The meridional 
transects constructed for time slices within this period demonstrate that the 
dust plume has m igrated north and south with the changing atmospheric 
circulation patterns of the glacial cycles. The absence of high dust fluxes at 
E39.75 during the last glacial maximum is most likely the result of the more 
southward positioning of the dust flux peak at that time, possibly related to 
greater amplitude of the standing wave in the circulation over the Tasman. 
Improving the relative coarseness of the core spacing and the recovery of 
high quality cores in the southern Tasman in particular are essential for 
greater resolution of the changes in the Australian dust plume.
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Chapter 8 Quaternary Environments 
of the Australian Region
In this study three fields of evidence have emerged from the investigation 
of the continental aeolian dust component of Tasman Sea sediments. The 
first is the spatial distribution of the dust flux and the location of the 
southeast Australian dust plume. Reconstruction of the dust transport path 
enables tentative location of the dust source area and reconstruction of the 
atmospheric circulation patterns of the past. These reconstructions are 
discussed in the first part of this chapter. Secondly, the time series of dust 
flux to the Tasman Sea has been discussed above in terms of its response to 
transport and supply controls. The dust flux record itself is inconclusive in 
differentiating between these two sets of factors and so independent 
evidence is sought of wind strength and source area erosion hazard in the 
past. Use of such external evidence strips the dust record of its 
independence but may confirm it as a proxy of particular environmental 
conditions and allow extension of the short, discontinuous continental 
record back over several glacial cycles. Lastly, the length of the time series 
available exceeds 1 million years and the long-term trends in the record of 
aeolian dust, and other climate proxies, have implications for the longer- 
term evolution of Australia's environment.
8.1 Dust Plume Location, Dust Source Areas and Circulation Patterns
8.1.1 Reconstruction of the Dust Plume and its Interpretation
From the meridional transect across the dust plume at 160°E (figure 7.1) 
three features of the plume can be identified, located and interpreted for 
both interglacial and glacial conditions (figure 8.1) (see chapter 7). The 
northern edge of the plume, near 33°S, marks the average position of the 
subtropical ridge (STR), or high pressure belt, in the lower troposphere in 
summer. The southern edge of the plume, near 50°S, lies on the trajectory
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from the southern edge of the dust source area in Australia, which must 
have been near the southern margin of the continent, while the centre or 
peak of the dust plum e marks the trajectory from the area of maximum 
wind erosion on the continent (as argued in chapter 7). Figure 8.1 contrasts 
the position of these features of the dust plume and source area conditions 
in glacial and interglacial periods.
The northern  limit of the dust plum e can be seen as the resultant of 
'average' sum m er near-surface dust transport, while lower dust fluxes 
further north are the result of low-frequency extreme northw ard incursion 
events and higher-altitude tropospheric transport. The average 850 hPa 
level position of the STR is used as a convenient shorthand for the division 
between the easterly and westerly zonal wind belts. Although at sea-level 
the average summer position of the STR is between 35° and 40°S, in the 
lower troposphere the ridge shifts northward with altitude. At 850 hPa («1.5 
km, or 150 Dm, figure 8.2) the average position (Drosdowsky, 1988) is near 
33°S; that is, south of this position westerly winds dominate (figure 8.2). 
The position of the STR varies in relation to the southern oscillation (SO). 
Under high negative SO index conditions (El Nino) the STR in summer is 
displaced northw ard (figure 8.2 a, b). In these reconstructions the STR is 
taken to lie essentially parallel to the lines of latitude, inferred by reference 
to m odern synoptic patterns (Drosdowsky, 1988).
Extreme conditions, such as those accompanying dust storms, result in 
alteration of the average circulation pattern such that the position of the 
high pressure cells is further north than usual for summer (figure 2.3). 
Dust-raising is a summer phenomenon in southeastern Australia, effected 
by the zonal westerly circulation, and under extreme conditions dust-raising 
may extend into areas which would usually be within the zonal easterlies. 
Although extreme cases have seen dust raised in western Queensland taken 
eastward, frontal dust-raising events are most commonly restricted to south 
of approximately 30°S. Once entrained, dust convected to higher levels can 
be transported by westerlies even above surface easterlies.
The location of the southern margin of the dust source area in the past is 
uncertain. Presently the entire area of western Victoria and southeastern 
South Australia are sources of dust but before European clearing mallee and 
woodland covering most of the area south of the Murray River would have 
greatly restricted dust-raising. During the last glacial maximum woodland
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Figure 8.1 The Southeast Australian Dust Plume
gave way to savannah north of the great dividing range and steppe to the 
south, extending to northern Tasmania (Hope, 1987; Markgraf et ah, 1992). 
Active late Pleistocene dunes in northern Tasmania (Colhoun, 1991; Sprigg, 
1982) and Wilson's Promontory (Hill, 1992) evince the high erosion hazard 
in this province, at least locally (Hope, 1987) during the last glacial. Thus the 
southern boundary of the potential dust source area may have shifted south 
from its present position near the Murray in western Victoria to northern 
Tasmania during glacial stages.
In figure 8.1 the dust plume boundaries are shown with the extent of 
forested and wooded land, active dune areas and major rivers during the 
Holocene and last glacial maximum. Aeolian and alluvial systems are the 
most significant sources of dust (chapter 2) and their distribution determines 
the potential source areas, modified by vegetation which controls erosion 
hazard. The reconstructions constrain the possible dust source area in 
southeastern Australia in the Holocene to the area north of the Murray, 
west of approximately 145°E and south of 32°-33°S (figure 8.1 a). This area 
includes the lower riverine plain, parts of the Darling floodplain, the Lake 
Frome Basin and the Barrier Range but not the Mallee region. The 
northern extent of the source area may be greater, reaching into the Lake 
Eyre Basin since, as shown by Sprigg (1982), the summer cold fronts and 
preceding northwesterly winds between the two high pressure cells, one 
situated north of the Great Australian Bight and the other over the Tasman 
Sea (figure 2.3), entrain material some way further north and bring it south 
and then east.
The interglacial dust plume originates from a relatively small area on the 
continent, covering 5° latitude, and broadens eastward to cover more than 
15° latitude at 160°E (figures 8.1 and 8.3). In part this dispersal is due to the 
deepening standing wave established over the Tasman during dust events, 
with a ridge extending into the southern Tasman and the consequent 
divergence. This ridge is seen at all altitudes (figure 2.3) with wind speeds 
increasing to the south, where pressure gradients are higher. The apparent 
amplitude of the standing wave, indicated by the position of the southern 
margin of the dust plume, may be the result of transport by the faster winds 
taking dust farther south into the Tasman. The more northerly dust may, 
in contrast, have been transported by weaker winds bearing a more direct 
path across the Tasman. These gross patterns are supported by 2 
contemporary observations of dust falls and reconstructions of their
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trajectories (Wilkniss et a l, 1974) (chapter 2). In chapter 2 the role of the jet 
stream in dust transport was discussed and, while no direct evidence exists 
for such transport, either in the North or South Pacific, it was seen that 
lower tropospheric transport appears to provide a more direct and faster 
route to the mid-Tasman and New Zealand (see figure 2.3).
The potential dust source area during glacial stages was probably much 
larger (figure 8.1 b), spreading both south and east as forest and dense 
woodland retreated to the coastal margins. At the same time the subtropical 
ridge apparently moved northw ard, as much as 3° of latitude (330 km). 
Despite this extension of the source area, to cover possibly 10° latitude, the 
dust plume at 160° E was probably only marginally broader. While the 
northern edge of the dust plume shifted northward the southern limit of 
the plum e appears to have rem ained relatively stationary (figure 7.1), 
despite considerable extension of the potential source area to the south. 
This may indicate relatively low contributions of dust from southern 
Victoria and the Bassian Plain, lack of detail in the marine records from the 
southern Tasman Sea or some condition of the circulation pattern. As 
noted above, dunes of late glacial age (Colhoun, 1991) are found on either 
side of Bass Strait and indicate at least localized aeolian activity. Likewise 
the Mallee sand dunes were active during the last glacial m axim um  
(Gardner et al., 1987; Readhead, 1988). The E26.4 and E26.3 records are 
limited by a coarse chronology, however there is marginally greater time 
control on dust fluxes during both stages 1 and 7, 2 and 6, and therefore 
imperfections of the chronology alone are unlikely to be responsible for the 
patterns observed.
If the glacial dust plum e pattern has an explanation in the atmospheric 
circulation pattern then the three critical features must be; 1 the position of 
the subtropical ridge, 2 the position of the low pressure cells and 3; the 
position of the polar front. The standing wave observed over the Tasman 
Sea during conditions associated with dust storms (figures 2.3 and 8.3) is a 
feature of the ridge and trough structure in the westerly circulation between 
the subtropical ridge and the polar front. The polar front has an average 
position today between 55° and 60°S, at eastern Australian longitudes, 
although this is complicated by the many individual low pressure cells 
which may push north to 40°S even in summer. Evidence from marine 
cores (Hays, 1978; 1981) places the glacial polar front near 50°S, a northward 
shift of approxim ately 6° latitude. The low pressure cells associated with
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dust-raising cold fronts today may be expected to have been further north 
during glacial times, between the 3° shift of the high pressure belt and the 6° 
shift of the polar front. The orientation of dunes in northeastern Tasmania 
(Sprigg, 1982; Wasson et al., 1988) is south of east and is essentially the same 
as the modern sand drift direction (Kalma et al., 1988), suggesting that the 
wind field was similar to that of today, i.e. this area lay in the westerly 
circulation in spring and summer, and therefore that the low pressure cells 
were in much the same position as today, perhaps moving northw ard only 
slightly. These boundary conditions alone would indicate a likely decrease 
in the amplitude of the mid-latitude wave pattern and this appears to be the 
implication of the shape of the dust plume. These observations on the 
location of the southeastern Australian dust plume cannot be used to infer 
the strength of the circulation.
8.1.2 Flux of Dust to the Tasman Sea and Source Area Denudation Rates
From the discussion in 8.1.1, above, it is possible to pinpoint with reasonable 
accuracy both the geographic and geom orphic sources of dust in 
southeastern Australia during the late Quaternary. The dust deposited in 
the Tasman Sea is predom inantly  silt-sized and, from the preceding 
discussion in chapter 2, it seems most likely that deflation of reworked 
'pedogenic' silt in the western Murray-Darling Basin and in the Lake Frome 
Basin is the principal source of long-distance dust. From the reconstructions 
of the dust plum e over the Tasman Sea (chapter 7) it is also possible to 
calculate total fluxes of dust to the Tasman Sea and therefore the yield of 
dust from the continental source areas and continental aeolian denudation 
rates (table 8.1).
Dust fluxes to the Tasman Sea were calculated from the dow nw ind dust 
plume transect (figure 7.6), longitudinal transect (figure 7.1) and dust path 
reconstruction (figure 8.1). Dust fluxes to E39.75 and E26.1 were taken as 
maxima at those distances along the path and were used to calculate the flux 
at the 'beginning' of the plume at 150°E and the length of the plum e by 
linear extrapolation. The width of the reconstructed plume at 150°E and 
160° E was used to calculate the width at 170°E and the downwind extreme, 
again by linear extrapolation. Dust fluxes and areal extent of the plume 
during glacial stages (2 and 6) and interglacial stages (1 and 5) were calculated 
independently. The Holocene (i.e. pre-European) source area was estimated
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to cover an area of 5° latitude by 5° longitude in western New South Wales, 
South Australia and northwestern Victoria. The enlarged glacial period 
source area was estimated to cover 10° latitude by 8° longitude. Within, and 
outside, this area wind erosion rates may be expected to have been highly 
heterogeneous however the area includes the obvious aeolian landscapes of 
southern Australia, within the westerly wind belt.
Table 8.1_____Dust Fluxes from Australia and Continental Denudation Rates
Glacials Interglacials
Flux to E39.75 
(g.cnr2.ky_1)
0.6 0.3
Flux to E26.1 
(g .cm ^.ky1)
0.4 0.1
Length of dust plume 40° long. 25° long.
(km) 3650 2280
Dust Flux
(t.k y 1)
15.12 x 109 5.5 x 109
Source Area 10° lat. x 8° long. 5° lat. x 5°long.
(km2) 8.2 x 105 2.59 x 105
Soil Yield 18439 21236
(t.km '2.k y l)
@ 2.65 g .cnr3 
(m3.km_2.k y 1)
6958 8013
Denudation Rates
(m m .y 1)
0.007 0.008
According to these rather rough calculations the amount of dust deposited 
in the area east of 150°E during interglacials was 5.5 billion tonnes per 
thousand years, increasing to 15 billion tonnes in glacial stages (table 8.1). 
Expressed as soil yields by wind erosion from the designated source areas 
these figures still appear impressively large; 18 400 and 21 200 t.km '2.ky_1 for 
glacial and interglacial stages respectively. The apparently inconsistent 
higher interglacial dust yields arise from the estimation of the extent of the 
source area. If these values were to be believed then higher interglacial 
fluxes of dust would appear to be the result of increased supply through
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extension of the source area alone. In fact, to force higher glacial yields 
would involve considerable reduction of the source area which contradicts 
the considerable evidence for expansion of dunefields and reduction of 
vegetative cover during the last glacial period (see above) and good evidence 
that the present source area was also more active during the glacial 
maximum. Allowing for likely significant errors in the calculations, it is 
possible that heterogeneity w ithin the source areas accounts for this 
unexpected result. Presently active sources, more active in the past, were 
balanced by a great expansion of low-flux sources in marginal areas, to retain 
a constant mean yield rate. Another complication lies in the nature of the 
evidence; here only the loss of m aterial to long-distance transport is 
considered. Much deflation occurs with the products deposited locally, for 
example in lunettes.
Expression of the dust yields as denudation rates (table 8.1), that is the 
am ount of surface lowering due to removal of the dust component alone, 
gives values comparable to denudation rates calculated for the eastern 
highlands largely by fluvial erosion (Bishop, 1985) but, surprisingly, almost 
identical rates in glacial and interglacial periods. Aeolian denudation rates 
of 0.008 and 0.007 m m /yr during interglacials and glacials respectively, for 
the last 350 ky, are intermediate in the range of Tertiary denudation rates 
given by Bishop. If a lower specific gravity is assumed (for example 0.8 g.cm- 
3), typical of soils and surficial sediments, the denudation rates must be 
increased threefold. This higher estimate may be the more m eaningful 
since the long-term record of dust flux to the Tasman Sea indicates that rates 
were relatively high during the last four glacial cycles but not earlier. Late 
Quaternary denudation probably represents stripping of surficial sediments 
rather than downwasting of bedrock.
The aeolian denudation rates are likely to be underestimates because of the 
method of calculation of the dust flux to the Tasman Sea. Under-estimation 
of fluxes at the centre of the dust plume, assum ption of linear decline of 
fluxes toward the edges, assumption of linear downw ind decline in fluxes 
and neglect of the dust deposited on-land or entrained into the northwest 
dust path all contribute to the m inim um  denudation rates calculated. 
Aeolian denudation  rates are likely to be highly variable across the 
continent, and may indeed be highest in the area considered here. The Lake 
Eyre Basin is likely to experience similar or slightly lower denudation rates.
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8.1.3 Comparison with Previous Studies of the Australian Dust Plume
The southeast Australian dust plumes, reconstructed here, are generally 
consistent w ith previous reconstructions of the m odern dust plum e 
(Thiede, 1979; W indom, 1975) but conflicts with Thiede's last glacial 
reconstruction. W indom 's compilation of surface sedim ent m ineralogy 
data showed that the pattern of illite concentration in the south Pacific could 
be interpreted as arising from a major source in southeastern Australia, or 
New Zealand, and being deposited in a belt extending across the Pacific 
traceable to 100°W. Kaolinite, on the other hand, appears to have a 
northeast Australian source and a less well developed plum e extending 
southeast to approximately 150°W. Thiede's (1979) map of m odern quartz 
concentrations indicated a distribution pattern similar to illite, except less 
extensive, with elevated concentrations essentially restricted to the Tasman 
Sea south of 30°S. In that the dust fluxes to the Tasman Sea increase rapidly 
south of 33°S (chapter 7), this study appears to offer some support for the 
quartz and illite distribution patterns.
The reconstructed last glacial dust plumes of this study (figures 7.1 and 8.1), 
based on aeolian dust flux, and of Thiede (1979), based on percentage of 
Q uartz in the carbonate and opal-free fraction (figure 2.5), diverge greatly. 
Quartz concentrations during the last glacial were highest in a narrow east- 
west belt between 25° and 30°S, according to Thiede's reconstruction, but 
dust fluxes were very low north of 30°S. The concentration of the aeolian 
fraction at C12/87 12GC9, directly beneath Thiede's putative dust plume, is 
consistently the lowest in the transect. The explanation for this conflict of 
interpretations may lie in the very different nature of the evidence used. 
Thiede used the percentage of quartz, determined by quantitative XRD, in 
the carbonate and opal-free component of the sediment as an indicator of 
dust. He, and those who have subsequently used his data (e.g. Wasson, 
1987) have interpreted it as a dust flux record. In reality the percentage of 
quartz can only vary against clay minerals (once biogenic carbonate and opal 
are discounted) which are themselves overwhelm ingly aeolian in origin. 
Thiede has therefore traced changes in the composition of the aeolian 
com ponent, not the flux of the aeolian component. Conceivably, these 
variations may occur because of the ever-changing balance between different 
com ponents of the dust (chapter 5). Alternatively, non-aeolian minerals,
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such as volcanic montmorillonite, may contribute to the sediment and 
locally drown the aeolian quartz, for example close to New Zealand.
How much of the last glacial pattern of quartz abundances is due to core 
location is unclear. Thiede did not have any cores in the southern Tasman 
Sea south of 34°S (Thiede, 1979, figure 3) and the construction of the 
prominent dust plume relies heavily on just 2 points.
The difference between the two techniques can be seen clearly in figure 8.4, 
where Thiede's original data from core Z2108 is compared with derived 
values of aeolian content and flux for the same core and for the nearby 
Cl/86 6GC3. Values of carbonate abundance in Z2108, published by Nelson 
et al. (1993) were used to approximate the aeolian content of the sediment by 
in turn using the relationship between carbonate content and aeolian 
content found in Cl/86 6GC3 (r2= 0.911) (see chapter 4). Bulk density was 
again derived from values of carbonate abundance (chapter 4) while 
sedimentation rates were calculated from the oxygen isotope stratigraphy of 
Shackleton (1977). The isotope record extends to 355 cm and terminates on a 
rising arm making precise allocation of ages in stage 6 difficult. The 
alternative oxygen isotope record of Nelson et al. (1993) extends to 405 cm 
and includes two peaks near the base. Differences between the two records 
(on the same genus), including an offset of =0.5%o, and some features of the 
SPECMAP stratigraphy mean that allocation of the two peaks is still 
uncertain; either 6.5 and 7.1 (preferred) or 7.1 and 7.3 (Nelson et al.). Given 
these problems, sedimentation rates in the bottom part of the core, especially 
stage 6, are tentative.
The record of aeolian content (whole sediment) in Z2108 agrees closely with 
that of C l/86 6GC3 (figure 8.4 a), especially before 50 ky, including peaks in 
concentration in stage 6 and at the stage 4/5 boundary as well as in stages 2 
and 3 in Z2108. In contrast, Thiede's record of quartz abundance (inorganic 
fraction) shows higher abundance in stage 6 only followed by consistently 
lower levels afterwards (figure 8.4 b). Aeolian flux to Z2108 was apparently 
greatest during stage 2 and also elevated at the stage 4/5 boundary while 
stage 6 is marked by only slightly higher fluxes (figure 8.4 c). The record of 
flux to C l/86 shows a significant broad peak in dust fluxes in stage 6, where 
chronology is well controlled, and a minor peak at the stage 4/5 boundary 
(figure 8.2 c). Stage 2 is missing from this core.
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Figure 8.4 Aeolian Content and Flux to Z21Q8 and Cl/86 6GC3
Z2108 solid line (derived from data of Shackleton, 1977; 
Thiede, 1979; Nelson et al., 1993)
Cl/86 6GC3 dashed line (chapter 4)
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The abundance of quartz in the inorganic fraction of the sediment does not 
appear to be a good alternative to either aeolian concentration or aeolian 
flux. Variations in the proportion of quartz in the inorganic fraction are 
most probably due to changing composition of the dust, itself comprised of 
several component size populations (chapter 5), an d /o r the addition of non- 
aeolian clays and quartz from hemipelagic or volcanic sources. The record 
of dust flux is therefore a superior measure of the amount of dust deposited 
and can be more meaningfully interpreted.
8.1.4 Independent Evidence of Circulation Patterns
There are several lines of evidence which have been used to reconstruct past 
atmospheric circulation patterns, especially for the last glacial maximum. 
The most direct of these, and the oldest used, was the pattern of dune 
orientations on the continent which form an anticlockwise swirl (Jennings, 
1968) reaching from western NSW to the west coast and from the Great 
A ustralian Bight to tropical latitudes in the N orthern Territory. Other 
reconstructions have been made based on assembled proxy palaeoclimatic 
data and are indirect in that they propose changes in the circulation pattern, 
direction and strength of winds and the location of certain atm ospheric 
features, such as the subtropical ridge, to account for trends and patterns 
detected in the proxy data.
Dune Orientations - A Direct Record of Wind Direction 
The pattern  of dune trends on the A ustralian continent is that of a 
spectacular swirl of longitudinal dunes covering the entire continent 
suggestive of a single anticyclonic system. Brookfield (1970) considered that 
the dunes were in fact not a single field but that those in the south and east 
were formed by anticyclonic winds (to the south of the sub-tropical ridge) in 
the late winter and spring and those in the north by cyclonic winds (to the 
north of the STR) in the summer. She noted differences between the dune 
trends and the direction of m odern w inds capable of shifting sand and 
concluded that sim ple latitudinal shifting of the anticyclones in any 
circulation reconstruction was not sufficient to account for the observed 
patterns.
Bowler (1975), in considering the last glacial climates of southeastern 
Australia noted the dune orientations in the Mallee and Eyre Peninsula and
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proposed that they were formed by summer winds originating over the 
Nullarbor Plain and that a northward shift of at least 5° of the high pressure 
cell, compared to present, would account for this change. Sprigg (1982) 
observed that divergences between fossil and modern dune trends were 
only observed in southern m ainland A ustralia, not in the Sim pson 
dunefield to the north or in Tasmania to the south, and that m odern dune 
trends were aligned closely to the direction of high frequency of strong 
winds. Bowden (1983) also found near identical orientations of modern and 
last glacial dunes in northeastern Tasmania. Sprigg argued that northw ard 
shift of sum m er wind patterns would maintain the westerly winds to the 
south of Australia while effecting a westward shift in wind direction in 
more northerly areas. The apparent lack of change in wind directions in the 
northernm ost parts of the dunefield  Sprigg explains by proposing  
com pression of the zonal w inds w ith a 5° northw ard  shift in the 
anticyclonic belt.
From this brief review it can be seen that the evidence for changes in the 
wind pattern over Australia since the last glacial period is strong. It is also 
clear that despite Brookfield's conclusion that simple northward shift of the 
zonal circulation patterns would not solve all the anomalies this has indeed 
been the most commonly proposed model. Bowler and W asson (1984) 
support Brookfield’s conclusion but give no new explanation to the riddle. 
A new, alternative explanation is offered below, after consideration of other 
models of past circulation patterns.
I n d i r e c t  E v id e n c e
Summarizing palaeoclimatic evidence available in the mid-1970's W ebster 
and Streten (1978) concluded that simple northw ard translation of the 
circulation pattern was in fact incompatible with observations of aridity in 
coastal Victoria. By analogy with extreme events occurring today they 
concluded that m arked negative tem perature anomalies in New Guinea 
and drier conditions over southeastern Australia could be explained by 
greater ridging of the high pressure cells over eastern Australia for most of 
the year and a greater am plitude of the westerly circulation. They also 
suggest that this is compatible with Bowler's (1975) observations of dune 
orientations in southern Australia.
324 Chapter 8
More recently, Markgraf et al. (1992) reconstructed climates of the Pacific 
sector of the southern hemisphere from compilation of pollen studies from 
which past vegetation patterns, and thence rainfall and tem perature 
anomalies, are inferred. For many of the same reasons as Webster and 
Streten, M arkgraf et al. supported their model for the circulation over 
Australia. Yet the reconstruction proposed by Markgraf et al. (1992) differs 
from that of Webster and Streten and there is apparently some disagreement 
in the use of the term 'ridging'. Webster and Streten clearly showed in their 
reconstruction a high pressure cell displaced to the east, over southwest 
Q ueensland, and with a ridge of high pressure extending from it 
southeastwards into the Tasman Sea (figure 14, page 302). Markgraf et al., on 
the other hand show simply an enlarged high pressure cell centred on the 
m odern winter position of the anticyclone, over Alice Springs (figure 7). 
'Stronger ridging' to these authors apparently means intensification of the 
subtropical ridge (STR), i.e. greater extent and greater pressures, rather than 
the more conventional ridging, opposite of trough, used by Webster and 
Streten. In fact, then, the two reconstructions are quite different. A third 
reconstruction was m ade by Colhoun (1991) and is in some ways 
intermediate between the two already discussed. On consideration of both 
palynological and geomorphic evidence from Australia and New Guinea 
Colhoun proposes an enlarged high over Australia with two nodes, one 
over the Nullarbor Plain and one over central eastern New South Wales.
All these reconstructions tend to avoid specific seasonal reconstructions, 
presumably because the proxy evidence is mute on seasonal shifts and only 
speaks of 'average' conditions. Bowler and Wasson have previously argued 
on general climatic grounds that summers during the last glacial may have 
been as hot as present (Bowler and Wasson, 1984) but with colder winters. 
This enhanced seasonality, if real, suggests that more specific seasonal 
circulation reconstructions are necessary to truly understand the climate of 
the last glacial period.
8.1.5 Seasonal Wind Patterns Recorded in Dune Orientations
Thanks to im proved maps of the Australian dunefield (Wasson et al., 1988) 
and maps of seasonal and annual resultant sand m oving potential of 
m odern w inds (Kalma et al., 1988) it is now possible to see both the 
relationship between the modern wind system and modern dune directions 
and understand the seasonal pattern of distribution of strong sand-moving
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winds and to identify areas of anomalous dune orientation. As noted by 
previous authors these areas are mostly in the south of the continent; in 
southwest Western Australia, the Eyre Peninsula, the Mallee dunefield and 
western New South Wales. These are also areas where late winter and 
spring winds are the most effective sand transporters (Kalma et ah, 1988; 
Sprigg, 1982). The northern dunefields of eastern and central Australia 
show less significant deviations and are areas w here sum m er w inds 
dominate. Deviations noted by Brookfield (1970) for central Australian 
dunes are generally less than the considerable deviations seen in the south 
and may not have an expression in recent dune-building because of dune 
inactivity or the effect the dunes have on modifying the winds near the 
ground. These observations suggest that if the longitudinal dunefield is of 
uniform age (generally it is; see Bowler and Wasson, 1984) then the winter 
and spring circulation differed significantly from the m odern pattern while 
the summer circulation did not.
Consideration of the pattern of winds around an elongated anticyclone in 
the southern hemisphere (figure 8.5) shows that winds lie nearly parallel to 
the isobars but deviate to the right, in the downwind direction, with the 
high pressure cell to the left and the nearest low pressure cell to the right.
Figure 8.5 Direction of Winds Around High Pressure Cells and
Geometric Reconstruction
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Since all points of the compass are covered by winds circulating around the 
high pressure cell the location of the high pressure cell can be located by 
draw ing lines normal to the isobars, allowing for the deviation of wind 
direction from the isobars, and marking the point where the lines intersect. 
In a circular cell the lines should converge on a single point, however in an 
elongated cell the rays at each end converge on the centre of curvature at the 
end of the cell while those in the middle show less convergence and point 
to the elongated centre. In practice, the pressure gradient is strongest some 
distance from the centre of the anticyclones and the centres of the high 
pressure cells are generally areas of low wind speeds (Brookfield, 1970). For 
convenience the divergence of winds from the isobars is considered to be 10° 
in the reconstructions, below.
Wasson and Hyde (1983) demonstrated a relationship between longitudinal 
dune m orphology, a modest sand supply and variable potential sand- 
moving wind direction. It is not clear whether variable winds are in fact 
critical (Nanson et ah, 1992), however the axis of longitudinal dunes is 
thought to lie close to the resultant direction (Bowler and Wasson, 1984). 
The resultant direction may be strongly influenced by seasonal winds from a 
particular quarter, as is the case in southern Australia now. If this is 
generally true then areas with seasonally stronger w inds should mark by 
their sand dune orientations the direction of the wind in that season. This 
further relies on some 'typical' pattern of succession of the seasonal climates 
and may be accentuated where the eddies of the westerly circulation show a 
tendency to remain in certain positions, for example as an anticyclone is 
typically located over the Great A ustralian Bight in sum m er today 
(Drosdowsky, 1988).
From the map of dune orientations drawn by Wasson et al. (1988) two sets of 
dune orientations were recognized. This distinction is based on studies of 
dunes in the southeast (Bowler, 1970; Sprigg, 1982) but in Western Australia 
solely on the prevalence of the two sets of orientations since no suitable 
studies were available. The dunefields of the Great Sandy, Gibson and Great 
Victoria Deserts were not included because of the lack of certainty in 
identification of last glacial (i.e. contemporaneous) dune orientations. In 
the case of the Mallee dunes Bowler (1970) established the divergence in 
orientation of longitudinal dunes and the sub-parabolic and clearly modern 
dunefields. He dated the sub-parabolic dunefield to the period immediately
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(a) Winter/Spring - Last Glacial Maximum
(b) Winter/Spring - Holocene
£jo»s -; 30®$
(c) Summer - Last Glacial Maximum
H '
poles to dune trends +10° anticlockwise
reconstructed isobars (sea level)
dune orientations (from Wasson et al., 1988)
modern annual resultant sand drift potential direction 
(from Kalma et al., 1988)
Figure 8.6 Reconstruction of Seasonal Weather Patterns and 
circulation from Dune Orientations
after the glacial maximum and the longitudinal dunes to the pre-glacial 
period. Gardner et al. (1987) showed by thermoluminescence dating of the 
dunes that both types were active contemporaneously in the glacial period 
but that the sub-parabolic dunes remained active until the early Holocene. 
Their orientation presum ably reflects the early Holocene wind direction. 
Resultant sand drift potentials calculated by Kalma et al. (1988) confirm 
Bowler's initial finding that m odern sand-moving winds are aligned with 
m odern and Holocene dune trends and diverge from the longitudinal 
dunefield orientations by 15°-20°/ in contrast to the calculations quoted by 
Bowler and Wasson (1984).
Reconstruction of poles to the linear dunefield for southern and eastern 
A ustralia  (figure 8.6 a) shows 2 areas of convergence indicative of 
anticyclones. The first is that indicated by dunes of the southeast, from Eyre 
Peninsula anticlockwise to the New South Wales - Queensland border and 
suggests an anticyclone positioned over the Birdsville area of southwestern 
Queensland. The second anticyclone is not well located because of the lack 
of intersecting poles draw n from southern Western Australia, however it 
was clearly positioned at the longitude of the Pilbara, possibly at that 
latitude. Poles to central A ustralian dunes converge on the eastern 
Nullarbor Plain (figure 8.6 c).
Poles to m odern and Holocene dune trends in southeastern Australia 
converge on an area to the southw est of Lake Eyre w hile those in 
southwestern Australia do not converge but are oriented to the NNE, over 
the Gibson Dunefield (figure 8.6 b). Reworking of the Simpson and other 
central A ustralian  dunefields follows pre-existing dune orientations 
(Nanson et al., 1992) and they are therefore not included in figure 8.6.
M odern annual resultant drift potential (ARDP) directions (Kalma et al., 
1988), revised and more extensive than those of Brookfield (1970), are 
shown in figure 8.6 b for comparison. ARDP directions in western NSW 
and northw estern Victoria diverge clockwise from the orientations of the 
reworking dunes (Holocene and modern) and the divergence is apparently 
greatest in the extreme east of the dunefield. On the Eyre Peninsula, ARDP 
direction diverges anticlockwise from m odern dune orientations and in 
southern w estern Australia they are in agreement. There are several 
possible reasons for these disagreements. It is possible that the calculated 
drift potential directions are incorrect, or that their estimation from only
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four months (April, July, October, January) is insufficient. Certainly the data 
and techniques used were of the highest quality and there is a sound 
theoretical and experimental basis for the methodology and therefore they 
are not thought to be erroneous. Secondly, it is possible that the 
identification of recent dune trends is erroneous, yet the divergences are 
greatest in the southeast where dune ages are best understood. Possibly the 
divergence is real. Yu et al. (in press) have shown that dust entrainment in 
the Mallee is strongly dependent on the seasonal changes in vegetative 
cover and interannual variations brought about by rainfall variability. 
Lower erosion hazard in w inter and spring may limit sand drift (c.f. 
poten tia l sand drift) to later in the season thus biasing the dune orientations 
to sum m er w ind directions relative to the ARDP, an argum ent also 
advanced by Bowler (1970). The dune orientations may therefore record the 
seasonal wind direction rather than the annual drift potential. A second 
mechanism, mentioned above, is that of modification of surface winds by 
the dunes themselves such that they may be insensitive to small changes in 
wind direction, especially where winds are weaker. For example, Nanson et 
al. (1992) found that the most frequent sand-m oving wind direction at 
Birdsville diverges from the dune orientation by 40-50° (to the west), 
apparently without generation of new dune orientation.
The fact that the m odern/H olocene dune orientations indicate the position 
of an anticyclone close to the observed m odern spring position, using the 
m ethod described above, indicates that, although crude, the m odel is 
adequate. The difference between m odern dune orientations and ARDP 
may be a real difference between drift potential (wind conditions only) and 
actual drift, in which surface conditions such as vegetation and soil 
m oisture are limiting.
The eastern  w in te r/sp rin g  anticyclone of the glacial c irculation is 
reconstructed from dunes lying to the south or SSE (figure 8.6 a) while the 
m odern/H olocene dunes of southeastern Australia lie in the southeastern 
quadrant of the anticyclones (figure 8.6 b). At present the most erosive 
winds occur in the southeastern quadrant, associated with cold fronts and 
the high p ressu re  gradients in the 'shoulders ' betw een successive 
anticyclones (figure 2.3). In the modern climate the winds in the southern 
quadrant are, generally, not strong enough, or are not able because of low 
erosion hazard, to shift sand. The evidence that these winds were effective 
sand-movers in the glacial climate suggests that the pressure gradients in
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this sector were higher an d /o r that ground conditions were more conducive 
but also that w inds in the southeastern sector were less effective. One 
explanation is that the waves seen in the westerly circulation today were 
weaker and that the zonal flow was stronger (figure 8.6 a) in glacial times. 
To the north of the anticyclones today, pressure gradients are low and 
contribute to low w indiness and inactivity of the northern, fossilized, 
dunefields (Ash and Wasson, 1983; Nanson et al., 1992). The activity of both 
northern dunes and dunes in the southern sector of the anticyclones in 
glacial times suggests stronger pressure gradients both north and south of 
the subtropical ridge and stronger zonal w inds generally, in both 
w in ter/spring  and summer. These conclusions ignore the question of past 
vegetation cover and its effect on dune mobility (Ash and Wasson, 1983).
These reconstructions ind icate  that ’n o rthern ' and 'so u th eas te rn ' 
longitudinal dunes were form ed by different synoptic m eteorological 
systems but contemporaneously. Their orientations suggest that they were 
not formed by a single anticyclone positioned over the continent's centre, a 
conclusion also reached by Brookfield in 1970. Both seasonal 
reconstructions point to at most a minor northw ard m ovem ent of the 
anticyclones, relative to today. The major differences between the modern 
and glacial circulation patterns were apparently not in the latitudinal 
position of the anticyclones but in the am plitude of the wave structure in 
the westerly circulation and possibly the strength of the zonal winds. The 
evidence from the dunefield is that, rather than a single anticyclone sited 
over the continent for most of the year (Markgraf et al., 1992; Colhoun, 1991, 
Derbyshire, 1971) there was a pronounced seasonal difference in the 
Australian circulation during the last glacial period.
8.1.6 Summary - Reconstructed Glacial Age Circulation Patterns
The summer circulation pattern during glacial periods, reconstructed from 
dust plume data and dune orientation interpretations, differed from today 
m ostly in the strength of w inds north of the subtropical ridge. The 
necessary stronger pressure gradients north of the STR were probably the 
result of higher (relative) pressures in the anticyclones. Evidence from the 
dust plum e indicates that the position of the STR moved at most 3° north 
(330 km), with respect to today, while the polar front may have moved up to 
6° north (Hays, 1978). The standing wave in the westerly circulation over
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the Tasman Sea at times of dust storms in summer and in winter may have 
decreased slightly in amplitude, as a result of this compression of the zonal 
westerlies. The average position of the summer anticyclone in the Great 
Australian Bight may have been slightly further north than the modern day 
position, but only to the degree that is seen in El Nino conditions today.
The reconstructed last glacial circulation patterns differ from today mostly in 
the nature of the winter weather pattern. Overall only moderate northward 
shift of the zonal wind belts is indicated, in summer or winter, of less than 
5° latitude. There is agreement between the dune-based reconstruction and 
the dust-plum e reconstruction that westerly winds in summer did not shift 
north dram atically (c.f. Thiede, 1979; Sprigg, 1982; McTainsh, 1989). The 
dune-based reconstruction is also compatible with Webster and Streten's 
(1978) and Derbyshire's (1971) proposed circulation patterns in that it 
suggests that strong, dry westerlies w ould have been in troduced into 
southeastern Australia in winter (figure 8.6a). However this reconstruction 
differs from that of Webster and Streten’s in that the winter pattern did not 
dominate all year in the glacial climate. The proposed glacial age circulation 
featured a stronger STR, with higher pressure gradients to the north and 
south, lower am plitude wave structures in the westerly circulation and 
possibly stronger zonal winds.
8.2 The Response of Australian Dust Flux to the Glacial Climatic Cycles: 
Causes and Correlations
8.2.1 Causes of Dust Flux Variation: Windiness versus 'Aridity'
Putting aside the links between windiness and aridity for a while, these two 
variables can act on the landscape and the dust system independently with 
different effects on the dust transported and deposited far from source. To 
the extent that windiness and aridity, the notion of moisture availability, are 
independent it is obviously desirable to decouple their effects on the dust 
record and attem pt to construct independent histories. Previously, in 
chapters 5 and 7, no internal evidence was found which could be used to 
disentangle supply and transport controls on the dust system and so here 
independent evidence for windiness and aridity in the source areas and in 
the wider region during the late Pleistocene are considered. The particular 
question to be addressed is; is variation in dust flux to the Tasman Sea, and
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hence w ind erosion in southeastern Australia, prim arily a response to 
changes in the erosivity of the winds or to variation in the erosion hazard 
or erodibility (short-term, i.e. soil moisture) of the landscape?
Indicators of Windiness  in Austral ia 's  Late Quaternary Record 
Perhaps not surprisingly sand dunes have been used most commonly to 
support argum ents for changes in the wind regime over arid Australia. 
Sprigg (1982) observed that the large dunefields are today largely inactive, 
except for some reworking of the crests, and proposed that winds in the past 
m ust have been stronger simply to create these landform s. Ash and 
Wasson (1983) showed that for large parts of the dunefield today a lack of 
strong, sand-moving winds is indeed limiting dune activity and that only in 
southern Australia, in particular the Mallee, does vegetation stabilize dunes. 
Wasson (1984) has furthered this argument to determine what changes in 
the environm ent would be necessary to activate the presently immobile 
dunes.
Two determ ining factors were identified by Wasson (1984); the windiness 
(number of days with sand-moving winds) and 'relative vegetation growth 
potential' determ ined as the inverse of the ratio of E p /P  (Ep = annual 
potential evapotranspiration, P = annual average precipitation). W asson 
concluded that the Simpson, Mallee and Strzelecki dunefields w ould all 
require 40-50% increases in windiness, compared to today, or 100% increases 
in E p /P  to become active. Alternatively some combination of these factors, 
requiring less dramatic change in either, could achieve the same result. The 
Great Sandy Desert appears to require increased w indiness for dune 
activation whereas any am ount of change in E p /P  would be ineffective 
(W asson, figure 3). Since increased w indiness may also increase Ep 
(Wasson, 1984) increases in both windiness and E p /P  may be linked and 
work towards decreasing the stability of the desert dunes of central and 
eastern Australia.
A lthough a powerful case for increased windiness, the above argum ent 
provides no direct evidence for increased windiness. Possibly the only direct 
study of the strength of sand-moving late Pleistocene winds in Australia is 
that of Bowden (1983). He found that the w inds necessary to shift 
Pleistocene dune sand in northeastern Tasmania and to generate inferred 
topographically-caused eddies were 30% stronger than the winds currently 
forming coastal dunes. This is in the range predicted by Wasson's model for
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Continental Australia. The technique used by Bowden assumes that the 
coarseness of the mobilized sand is w ind limited rather than sediment 
(supply) limited. In the latter case, increases in the strength of the wind may 
not leave a sedimentological signature.
According to Wasson's definition of windiness as the number of days with 
sand-m oving winds, increasing the strength of the general circulation is 
only one scenario by which the number of strong-wind days might increase. 
Obviously a second scenario is a change in the prevailing meteorological 
conditions such that weather patterns resulting in strong winds are more 
common. Under such circumstances the strength of the strongest winds 
m ay not increase and, consequently , there m ay be no distinctive 
sedimentological record: either grain size or sedimentary structures. Under 
the circulation reconstruction proposed in the preceding section, the 
w inter/spring  high pressure cell in the glacial age would bring drier winds 
to southeastern Australia. Drier winters and springs in the area would 
greatly increase erosion hazard and perhaps allow a greater number of high- 
wind days to be effective in moving sand and raising dust.
Other Proxy Records of Windiness
Several studies of dust particle-size distributions indicate stronger winds 
were experienced during the last glacial period. Dust in Antarctic ice of last 
glacial age was coarser than Holocene dust (Petit et al., 1981), although the 
change in modal size was only approximately 0.5 pm and low turbulences 
are implied by the very small modal diameters (=1 pm). Several studies of 
Atlantic sediments have concluded that Saharan dust transported out to sea 
was carried by stronger trade winds (Parkin, 1974; Parkin and Padgham, 1975; 
Parkin and Shackleton, 1973; Sarnthein et al., 1981). Sarnthein et al. also 
concluded that the easterly circulation at higher levels may have been 
weakened, coincident with the strengthened trade winds. Several studies of 
dust size in North Pacific and Indian Ocean sediments, using the ambiguous 
param eter of median diameter, have found significant variations in size at 
the precessional orbital w avelength yet these records are obviously 
independent from dust flux, which shows strong 100 ky and 40 ky periods 
(Clemens and Prell, 1990; Rea et al., 1991).
A third, although indirect, source of evidence for stronger glacial period 
winds comes from marine records of wind-driven upwelling. In particular
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the equatorial Pacific Ocean has been much studied for evidence of 
upwelling-induced primary productivity increases. W ind-driven upwelling 
allows colder nutrien t-rich  w aters to surface and therefore support 
enhanced biological productivity (Arrhenius, 1988; Boyle, 1988). Several 
authors have argued, from different lines of evidence, that productivity in 
the eastern and western Equatorial Pacific was higher than present by as 
much as a factor of two (Archer, 1991; Herguera and Berger, 1991; Pedersen et 
ah, 1988) and that this increase lagged ice-volume changes (Rea et al., 1991). 
The increased productivity is used to infer stronger trade winds. In the 
N orth Atlantic Ocean stronger trade w inds are thought to have been 
responsible for increased ventilation of the subtropical gyre thermocline in 
the last glacial period (Slowey and Curry, 1992). Oxygen isotopic offsets in 
cores from the Indian Ocean also point to enhancem ent of the w inter 
monsoon winds (Sarkar et al., 1990).
This evidence of increased windiness during the glacial period is far from 
complete but does at least suggest a global phenomenon extending to all 
extremes of the worlds climatic regions. Wasson (1987) and Newell et al. 
(1981) have argued that w indiness m ust increase if the hem ispheric 
tem perature gradient increases; i.e. in response to tem perature change, and 
Newell et al. have also argued that increased windiness leads to lower 
tem peratures, or in other words there is a feedback between tem perature 
and windiness but it must be initiated by a change in temperature. These 
argum ents pertain to global, 'average' climates and are subject to local 
modification. An equator to pole transect of temperature estimates for late 
Pleistocene and Holocene time slices in the Australian sector (Wasson and 
Donnelly, 1991) shows that at 18K temperatures were reduced by up to 10°C, 
with respect to present, in southern NSW but only by approximately 5°C to 
the north (Atherton Tableland and New Guinea) and south (Tasmania and 
Macquarie Island) while the Antarctic Vostok core shows a tem perature 
drop of alm ost 10°C. Thus from the equator to 60°S the last glacial 
tem perature gradient was the same as present overall, but with major local 
deviations (the extent of the tem perature drop in southeastern Australia is 
still controversial, however). Only the Antarctic sector shows a significant 
increase in the tem perature gradient (based on two points). From these 
estimates the authors calculate a 20% increase in windiness over Australia 
during stage 2, decreasing to modern levels by the early Holocene (Wasson 
and Donnelly, 1991, figure 18).
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The 'global' argument for increased glacial age windiness is subject to local 
m odification largely because local w inds are of course subject to local 
pressure  and tem perature gradients and also w ider scale m eridional 
circulation patterns. In the present climate, sum m er circulation over 
northern  Australia is dom inated by the position of the inter-tropical 
convergence zone (ITCZ) and the inter-annual variations caused by the 
sou thern  oscillation (Allan, 1988; D rosdow sky and W illiam s, 1991; 
Philander, 1983). Some effects of the southern oscillation are to change the 
location of the ITCZ in Australian latitudes, affect tropical convection, 
meridional circulation, rainfall and wind patterns. Some of the states of the 
El Nino southern oscillation have been argued to be good analogues for past 
climate (e.g. Markgraf et al., 1992) and to the extent that we can see today the 
response of the tropical, and indeed extra-tropical, circulation to a variety of 
conditions this is true. Various lines of argum ent suggest that tropical 
convection in the A ustralian-Indonesian area m ust have been greatly 
reduced at times of low sea-level, especially as the result of exposure of the 
Sunda and Sahul continental shelves (Markgraf et al., 1992), and that certain 
aspects of the tropical circulation pattern would have been similar to El 
Nino (negative southern oscillation index (SOI) conditions) events today.
The strength of the westerly circulation is linked to the strength of tropical 
convection (Nicholls, 1977) through the Hadley cell, however the surface 
expression of this relationship in wind strength is not uniform because of 
latitudinal variation related to the associated shifts in the position of the 
zonal pressure systems. Nicholls found that weak tropical convection is 
associated w ith weaker westerly w inds over southern Australia, at high 
altitudes. Drosdowsky (1988) has shown that winds in northern Australia 
are weaker and in southern Australia stronger in summer during negative 
SOI conditions, compared with neutral or positive SOI summers. This is 
because of the changes in pressure gradient between the tropical and sub­
polar lows and the subtropical ridge (STR) (figure 8.2), in turn brought about 
by weakening of the tropical low, but also by strengthening of the STR and 
changes in their latitudinal positions. In winter the trends in windiness are 
reversed with stronger winds over northern Australia and weaker over 
southern  A ustralia in negative SOI years (figure 8.2). The surprising 
conclusion is that under negative SOI conditions sand-m oving w inds 
generally are expected to be weaker. The strength of winds in the easterly 
trade-wind belt and in the zonal westerlies are not constrained to increase or 
decrease in strength coincidentally over short periods today; are they over
Quaternary Environments of the Australian Region 327
longer time-scales? The role of the local pressure gradients on either side of 
the STR in governing wind strength is critical in the m odern climate and 
could conceivably be so in the long term also.
Using current extreme negative SOI conditions as an analogue for past 
climates is fraught with danger (see Markgraf et al., 1992, for discussion). 
However in this example I simply wish to show the complications arising 
from local conditions, e.g. pressure gradients affecting wind strength, which 
may occur irrespective of gross directional change in the whole system, e.g. 
the global changes in w indiness predicted from tem perature gradients. 
Under these circumstances direct evidence of past wind strength is necessary 
and the work of Wasson (1984) and Bowden (1983) goes some way toward 
this goal. In short, the available evidence points to increased windiness in 
Australia during glacial times however the only direct calculation is of a 
30% increase in northeastern Tasmania. Clearly more w idespread direct 
evidence is required to test the temperature-gradient model predictions.
The Evidence for Glacial Age Aridity in Australia
N um erous substantial collations of Australia's palaeoclimates have been 
published recently (Chappell, 1991; Colhoun, 1991; M arkgraf et al., 1992; 
W asson and Donnelly, 1991). All point to dramatic change in Australia's 
climate and environm ent during the last 40 000 years including general 
wetness prior to 30 ky followed by extensive drying during the last glacial 
period and then am elioration in the transition to the Holocene. The 
evidence for glacial age aridity in the dust source areas of the M urray and 
Lake Frome Basins is unequivocal (Wasson and Donnelly, 1991, figures 15 
and 16). The activation of dunes, drying and deflation of lakes and 
reduction in discharge of rivers all point to a drier landscape. Vegetation in 
the Lake Frome area was dom inated by herbs and shrubs with a southern, 
'w in ter rainfall', association during  and im m ediately after the glacial 
m axim um  (Singh and Luly, 1991) suggesting a decrease in summer rainfall 
from the north. U nder these conditions a w ider area of southeastern 
Australia m ust have been more susceptible to wind erosion. Grasses and 
som e shrubs are responsive to short-term  fluctuations in the m oisture 
regime such that extreme dry events would certainly have seen an increase 
in erosion hazard while cover and surface roughness generally m ust have 
been much lower than present. Lower water tables saw the active deflation 
of lake beds and interdune areas in the mallee (Bowler and Magee, 1978), 
both im portant potential sources of dust.
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I n terp re ta t io n  of the D u s t  Record
These proxys of 'aridity ' record the balance betw een evaporation and 
precipitation; the availability of moisture. The interpretation of many of the 
records is limited to determination of the ratio E /P  and then consideration 
of likely absolute changes of either term (Chappell, 1991). Because of the 
dependence of E (evaporation and transpiration) on windiness (Wasson, 
1984) it is likely that aridity and windiness are linked, especially in the arid 
and semi-arid areas of Australia.
The implication of this conclusion is that the glacial periods in interior 
southeastern Australia have been periods of both aridity and probably 
greater windiness as well, leading to greater erosion hazard in the dust 
source area and more erosive winds. The long-term  dust signal can 
therefore be seen as a record of aridity in its broadest sense; partly  
responding to the larger source area and the greater susceptibility of the 
source area to erosion and partly to the increased capacity and competence of 
the tran spo rting  w inds. At p resen t these two factors cannot be 
distinguished. Only by either particle-size analyses of dust or a more 
comprehensive downwind transect of the dust plume, can an independent 
record of wind strength be obtained from the marine record.
8.2.2 Australian Correlations and Associations
The record of dust flux to the Tasman Sea, as a record of aeolian deflation in 
southeast Australia, should have on-land correlatives and related records. If 
the case for an association can be made from the late Q uaternary on-land 
records then the marine record can be viewed as a more complete long-term 
record, extending back 1 million years in E39.75. The history of dune activity 
and lake deflation should be the prime correlatives. In addition there is 
some sketchy evidence for the timing of on-land dust deposits.
The C o n t i n e n t a l  Record
Records of lake levels, lake-bed deflation, dune build ing and fluvial 
deposition from the dust source area of inland southeastern Australia are 
presented in figures 8.7 and 8.8. The dated sequences represent two 
generations of investigation and two dating techniques. Studies of lake 
sediments and lunettes were the first late Q uaternary investigations in the
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area and have proved to be invaluable in their detail (Bowler, 1978) but 
until recently were restricted to the comparatively short time window 
offered by radiocarbon dating. Dunes and other aeolian deposits as well as 
many fluvial sediments of the arid zone have been difficult to date by 
radiocarbon, because of a lack of suitable organic material, but have recently 
become accessible to dating through thermoluminescence (TL) techniques. 
The effect has been revolutionary and is well illustrated in the compilation 
of sites presented in figures 8.7 and 8.8. TL dating has added much greater 
depth to our time perspective. Our vision is still imperfect, however, since 
older TL dates have very large errors, yet there is now a background to the 
late Quaternary extending back to nearly 400 000 years. Another aspect of 
this revolution is that the dunefields have progressed from being very 
poorly dated 10 years ago, with the exception of the lunettes, to being some 
of the most comprehensively dated landforms today.
In the records presented, TL dates are shown with their published errors and 
grouped into stratigraphic units (shading). Three very short episodes of 
lunette dune building at Lake Mungo in stage 2 cannot be shown separately 
on this time-scale and the shading represents the equivalent radiocarbon 
time interval of all three units (figure 8.7). TL dates of Riverina prior 
stream deposits are grouped according to the stratigraphy of Page et al. (1991; 
1993), including a later phase of activity between 25-30 ky for which the dates 
are not published. The Riverina lunette dates of Page et al. (1991) and 
Nanson et al. (1990) have been grouped by me into two clusters falling either 
side of 25 ky (figure 8.8).
The lakes of inland southeastern Australia, including Lakes Frome, Mungo 
and Tyrell, all show a trend towards drying out and lower levels in the 
transition from stage 3 to stage 2 (figures 8.7 and 8.8). This apparently 
occurred slightly earlier (30 ky) at Lake Tyrell than in most other lakes (25 
ky). During the deglacial period and the Holocene, several of the lakes 
experienced brief periods of intermediate water levels however all are now 
dry or ephemeral. In the drying phase of these lakes, lake-floor sediments 
were deflated and deposited on the eastern shores to form clay-rich dunes or 
lunettes (Bowler, 1973). Lakes w ith coarser sedim ents have also 
accumulated sand lunettes by wave action during wetter periods. The Lake 
M ungo lunette  is undoubted ly  the best studied  and has revealed a 
stratigraphy comprising three principle stratigraphic units. The upper two 
units, Zanci and Mungo, were deposited between 25 or 27 and 16 ky B.P.
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(radiocarbon years) (Bowler, 1978; Bowler, 1983). Thermoluminescence 
dating of these units gave older dates for the Mungo, back to 29 ky 
(Readhead, 1988), although part of this apparent disagreement in age may be 
the result of comparing radiocarbon years with 'TL years', which are 
identical to uranium -series ages (Bard et ah, 1990). The older Gol Gol 
lunette unit has been dated by TL to 222 ky, for the upper sub-unit, and 291 
ky for the lower sub-unit (Readhead, 1990). The large errors on these dates 
mean that they cannot be regarded as accurate enough to allow correlation 
with other dated deposits or the isotope stages, but certainly fall within stage 
7 (7.4?) or 8. There is no evidence in the M ungo stratigraphy for 
preservation of any units relating to stage 6. The upper lunette units at Lake 
Mungo are associated with higher frequencies of iron oxide and clay-coated 
quartz grains blown in from the nearby linear dunefield; desert, or 'wüsten', 
quartz. This indicator of dune activity closely parallels the record of lake 
floor deflation, demonstrating that the whole landscape was being actively 
eroded by the wind in the glacial and post-glacial period. The lunettes at 
Lake Tyrell and in the Riverina were also actively accreting in this time, 
following high lake levels and fluvial deposition in stage 3. Deflation of 
Lake Frome also resulted in formation of dunes and 'islands'.
Longitudinal dunes in the Strzelecki dunefield were active during the same 
period, extending from at least 35 ky to the early Holocene (Gardner et al., 
1978). This w idespread reworking may have effectively destroyed most 
older dunes such that only 3 sites could be dated back to beyond late stage 3. 
These older single dates do not allow definition of regionally meaningful 
dune-building phases; one falls in stage 5 and the others in stage 6 and at the 
boundary between stages 7 and 8.
Traditionally, four units have been recognized in the dune exposed at Nyah 
West in the Victorian Mallee (Churchward, 1961; 1963a; 1963b; 1963c). TL 
dating by Readhead (1988, 1990) of these four units and two older, un­
named, units has shown that the youngest (Kyalite) is coeval with the 
widespread lake deflation and dune-building episode of the last glacial 
period. Both the Speewa and Bymue units were deposited  in the 
penultimate glacial stage and the Tooleybuc unit may also relate to the very 
earliest part of stage 6 or late stage 7. Readhead noted that the 'TL growth of 
the older (two) sam ples (from the un-nam ed units) were norm al' but 
rejected them because of the overlapping ages. They may relate to older 
glacial periods, stage 8 and /o r 10. The allocation of three units to stage 6
Quaternary Environments of the Australian Region 331
l O O n
%
50
Inland Southeast Australia 
- High Lake Levels 
(Wasson & Donnelly, 1991)
0
Full -|
Lake Mungo - Water Level 
(Bowler, 1978)
Dry
Lake Mungo Wustenquarz 
(Bowler, 1978)
* Lake Mungo - Lunette Building
"  (Readhead, 1988; 1990)
m
m
I-------- — ♦-------------1
>-----------------» ------------------ 1
1 1 I 1 1 1 I 1 r— r— j — i  r— i— \
Full-i Lake Tyrell - Water Level
(Wasson and Donnelly, 1991)
Dry yl
0
Figure 8.7 
Figure 8.8 (facing)
Lake Tyrell - Lunette Building 
(Wasson and Donnelly, 1991)
I I I I I I I I I I I I I I
100 200 300 400
Age (ky)
Summary of Palaeoclimatic Records from Southeastern
Australia - Lake Level Records 
Summary of Palaeoclimatic Records from Southeastern 
Australia - Dunes, Lake Frome and Riverine Plain
332 Chapter 8
♦Full-
Northern Strzelecki Dunes
(Gardner etal., 1987)
I
100
1
200
I
300 400
Lake Frome Water Depth and Deflation 
(Bowler and Magee, 1991; Wasson and Donnelly,1991)
Deflation - Dune Building
400
400
Riverina Fluvial Deposition
(Nanson et al., 1990)
Fluvial Deposition 
Aeolian Clay Pama'
200 300 400
fcgj '4
Nyah West Dune
(Readhead, 1990)
1§
100 200
I
300 400
Murray Mallee Dunes
4
■4 (Gardner et al., 1987)
SWSmi
I 1 ' 1 I 1 1 1 r
0 100 200 300 400
Age (ky)
Quaternary Environments of the Australian Region 333
illustrates the unreliability of the 'counting back' approach used by Wasson 
(1987) when discussing this site or Williams (1982) in discussion of the four 
superposed  dune units at the head of Spencer Gulf. C learly the 
identification of two lower units at Nyah West may still push the age of 
initial dune building back to stage 10 (Wasson, 1987) but also cautions us 
against developing too fine an argument based on so few sites and with so 
little deep excavation. Clearly stage 6 saw massive deflation from the 
interdunes of the Mallee and rapid dune development, of a scale not seen at 
this site in stage 2, which is only represented by the thin Kyalite unit. This 
stage 6 activity has a possible correlative in the Strzelecki dunefield, but not 
at Lake Mungo or Lake Urana in the Riverina. Clearly more dated sites are 
required to understand the extent of landscape instability during the stage 6 
glacial, or indeed previous glacials.
The stra tig raphy  of each site preserves evidence of d iscontinuous 
sedimentation during each of the glacial stages. Aeolian deflation overall 
can be characterized as occurring in stages 2 and 6, possibly 7.4 and 8 but not 
stage 4. OnlyAlate, from the Lake Urana lunette, falls between 80 and 50 ky 
whereas at Mungo and Nyah West there appears to be a hiatus extending 
through this period.
A depositional aeolian dust u^it occurring in the Riverina has been 
constrained stratigraphically between the deposition of the Central and 
Southern Prior Stream systems, which it overlies, and the Northern Prior 
Stream, with which it is not associated, to between 80 and 60 ky (Page et al, 
1991; Nanson et al., 1990; Page et al., 1993). This aeolian clay, or 'parna' 
(1956a; Butler, 1956b; 1974; 1982), is a w idespread unit throughout the 
Riverina and clearly does not originate from a point source w ithin the 
M urray-Darling Basin, or even as the result of widespread deflation in the 
w estern sector of the basin. This unit is contem poraneous with severe 
deflation from the Lake Eyre Basin immediately preceding stage 4 (J. Magee, 
pers. comm., 1993) and its mineralogy is suggestive of a lacustrine origin. 
Palygorskite and iron-rich illite occurring in the parna layers of the Riverina 
(Beattie, 1970; Beattie and Haldane, 1958; Norrish and Pickering, 1983) are 
thought to be authigenic lacustrine minerals.
I suggest that the parna layer is the distal deposit from the deflation of Lake 
Eyre and other playas, on the basis of the mineralogy and grain size: it is 
lacking in silt but clay-rich. This deposit illustrates the differences in the
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climate of the two basins; in the Lake Eyre Basin significant deflation 
occurred during the stage 4/late stage 5 interval while in the Murray Basin, 
with a milder climate, there was apparently a cessation of large-scale fluvial 
deposition (Page et al., 1991) but without aeolian activity indicative of true 
aridity. There are possibly other parna deposits in the Riverina landscape 
(Beattie, 1972; van Dijk, 1958), which are presently undated but may prove to 
be coeval with deflationary events in the Lake Eyre Basin. The only other 
dated dust deposit is the Holocene layer identified in archaeological sites of 
the Liverpool Plain (Gorecki et ah, 1984; Wright, 1986). The silty character of 
that deposit marks it as quite different from the Riverina parna layers.
Marine/Terrestrial Correlation
In the marine record from the Tasman Sea dust flux peaks are seen in stages 
2, 6, 8 and, to a lesser degree, 10. To this extent there is some correlation 
with the continental record from the Murray-Darling and Lake Frome 
Basins. Major deflationary episodes in the Lake Eyre record (J. Magee, pers. 
comm., 1993) do not match well with the marine record, an example being 
the prominent deflation event in the Lake Eyre record at =75ky and its parna 
correlate.Only Cl/86 6GC3 of the marine cores shows a peak in dust flux at 
that time but this is highly dependent on the chronology which is 
somewhat tentative in this part of the core. Several other Lake Eyre 
deflation events are not recorded in the marine record. This supports the 
argument advanced above, from consideration of the circulation patterns, 
that the interior southeastern part of Australia is the principal source of dust 
to the Tasman Sea.
The relative height and duration of the dust flux peaks in the marine record 
may vary from core to core both because of the shape and movement of the 
dust plume and the position of the cores relative to it. The record of E39.75, 
for example, shows a broad stage 6 dust flux peak lasting over 60 ky and a 
brief late stage 2 peak. E26.1, in contrast, received moderate dust fluxes 
during stage 6.2 (<15 ky) but high fluxes over a similar length of time during 
stage 2. Furthermore the high fluxes experienced in E26.3 between stage 3.3 
and 6.0 have no equivalent in the well dated cores. In both Cl/86 6GC3 and 
E39.75 the length of the stage 6 peak is comparable with the length and 
extent of deflation indicated by the Mallee dune record from Nyah West. 
The last glacial peak in both continental and marine records is shorter but 
very intense. The marine record indicates that intense deflation occurred
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during stage 8 as well (figure 6.2) but that stage 10 may have been similar to 
interglacial stages of the late Quaternary.
The continental record of stage 6 events is still very poorly known. Only the 
Nyah West site can be regarded as well dated, however the apparent absence 
of any stage 6 sediments at Lake Mungo and Lake Urana casts some doubt on 
the regional extent of stage 6 deflation. Sand dunes in the northern 
Strzelecki dunefield were also active, however, suggesting that sand dunes 
were mobile even if lake beds were not deflating. The difference in the 
records may reflect differences in the response of the landforms (dunes and 
lake beds) to climatic conditions. According to Bowler's model of lunette 
formation the lake floors are most susceptible to deflation during drying 
phases when groundw ater contributes to pelletization of the clay-rich 
sediments. Once groundwater levels are far below the lake floor level the 
lake bed is quite resistant to deflation, as is the case today. In this scenario 
the lack of lunette building may be due to either high lake levels or extreme 
aridity.
In the last glacial cycle high lake levels and general wetness in stage 3 gave 
way to stage 2 dryness and deflation of both dunes and lake beds. Stage 6 in 
the SPECMAP record was marked by ice-volume as great as stage 2 but 
lasting much longer (Imbrie et al., 1984) while the stage 6.5 interstadial 
(equivalent to stage 3) was of shorter duration. It is reasonable to speculate 
that this extended glacial would have been accompanied by an extended arid 
phase in Australia preceded by only a short hum id interstadial. Both the 
marine dust record and the Mallee dune sequence appear to support this 
scenario.
The m arine record has its own problems, different from the continental 
record, however in general it provides a complete long-term  sequence 
representative  of general climatic conditions in A ustralia 's southeast 
through the flux of dust preserved therein. Over the last four glacial cycles 
the Tasman Sea sediments have received maximum dust flux during glacial 
periods, but not the interstadia of the last cycle. The marine record points to 
at least four significant episodes of aeolian deflation in the source area. 
These conclusions m ust be tested against more extensive dating of older 
continental deposits, however rew orking by later activity m ay have 
permanently erased the older record at some sites.
336 Chapter 8
8.2.3 Regional Correlations - New Zealand and Antarctica
Loess Accumulations in New Zealand
The proximity of New Zealand to Australia suggests that there should be 
parallels in the climatic histories of the two land masses, however the 
strong  contrast in the m odern physical environm ent; geological, 
geomorphological, climatic and biological, also means that some differences 
should be expected. In Australia 'true' loess (Pecsi, 1990), or even loess 
sensu lato (Smalley, 1971) is not found, w hereas New Zealand has 
w idespread and thick Late Quaternary loess accumulations. Furthermore 
the hot arid environm ent of formation of Australian dust deposits could 
hardly be more different from the environm ents under which loess has 
form ed in New Zealand. These are in fact diverse, with many sources 
contributing fine material; in the South Island glacial outw ash silt is 
deflated from alluvial deposits while in the North Island exposed shelf 
sedim ents (Alloway et al., 1992; Pillans and W right, 1990), alluvial 
sediments (Pillans, 1988) and reworked tephra (Kennedy, 1988; Pillans and 
Wright, 1990) provide the bulk of the sediment.
Detailed chronologies of the North Island loess sequences are now available 
thanks to the identified and dated rhyolitic tephras intercalated in the 
record. The chronology of South Island loesses has until now been poorly 
understood, since tephras are less common but, with the advent of reliable 
TL dating techniques for loess (Berger et al., 1992), improvem ent can be 
expected in the near future. Two dated loess sequences from the N orth 
Island are compared with the Tasman Sea dust record in figure 8.9. The 
W anganui Basin record (Pillans, 1988) is perhaps the best dated sequence 
because of the combination of tephrochronology and marine stratigraphy 
available. Marine deposits and terraces were assigned ages by correlation 
with the SPECMAP oxygen isotope curve (Imbrie et al., 1984), used as a 
record of sea-level. The Mamaku Plateau, west of Rotorua, has a sequence 
of eleven loess units dated by five rhyolitic tephras and correlation with the 
oxygen isotope record, assuming that loess accumulates during cold climatic 
episodes (Kennedy, 1988). The dating of the oldest tephra (Rotoehu Ash) is 
uncertain, lying at the limit of radiocarbon dating (Kennedy,1988). The loess 
units themselves are composed mainly of reworked rhyolitic tephra.
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Wanganui Basin Loess Units from Pillans (1988)
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Vostok Ice Core Dust Flux Record (smoothed) from Petit et al. (1990)
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From the Wanganui and Mamaku records it is difficult to gauge the scale of 
the various events. Kennedy (1988) noted that the 36 ky and 60 ky loess 
units were locally thinner than the last glacial loess, a feature also seen in 
quartz accumulation rates in Taranaki loesses (Alloway et al., 1992) where 
last glacial fluxes are nearly double those of stage 4. Obviously a record of 
relative loess accumulation rates would aid the comparison.
From figure 8.9 it is obvious that there are many more New Zealand loess 
units than Australian dust flux peaks and, while the glacial stage dust flux 
maxima appear to have correlatives in the loess, others, such as in stages 3, 4 
and 5 do not. W hether Kennedy's association of cold periods with loess 
formation is correct or not, it seems that the New Zealand landscape, and 
loess formation in particular, record more phases of climatic deterioration 
than does the southeast Australian landscape. The L3 unit in the Wanganui 
sequence, possibly a correlative of the stage 4 loess of the Mamaku Plateau, 
has no counterpart in the marine record of Australian dust (although there 
was deflation from Lake Eyre and parna deposition =75ky). Likewise sub­
stage 5.4 (5d) is marked by loess units at both New Zealand sites but is a 
period of low fluxes of dust to the Tasman. Sub-stage 5.5 (5e), on the other 
hand, is marked by higher fluxes to E39.75 but by soil formation in New 
Zealand.
The oldest loess unit in the W anganui sequence (L ll), not necessarily the 
oldest in New Zealand, was put at 370-390 ky by Pillans (1988) but later 
revised to 450-500 ky on palaeomagnetic evidence (Pillans and Wright, 1992) 
(not shown in figure 8.9). The record from E39.75 shows that prior to stage 
10 little Australian dust was transported to the Tasman Sea. The sudden 
increase in dust fluxes after stage 10 points to a significant change in the 
A ustralian environm ent, one which was apparently not reflected in the 
production of loess in the Wanganui Basin.
Alloway et al. (1992) have postulated that A ustralian dust m ay have 
contributed to the flux of quartz to their sites in Taranaki. From their size 
distribution data it appears that 20-25% of quartz is of a size equal to that of 
Australian dust transported to E26.1 (chapter 5), near New Zealand, i.e. less 
than 10 pm diameter. Stage 2 quartz accumulation rates in the Taranaki 
loess reach 0.4 g /cm 2/k y  and therefore up to 0.1 g /cm 2/k y  is potentially of 
Australian origin. Thiede (1979) estimated that between 10 and 20% of dust 
in the eastern Tasman Sea at the last glacial maximum was quartz. In view
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of the particle size distributions of E26.1 (chapter 5), in which the clay-sized 
com ponent varies between 20-40%, this would appear to be a minimum. 
An upper limit for quartz in Australian dust at New Zealand longitudes 
may be 40% (Mokma et al., 1972; Walker and Costin, 1971; Windom, 1969). 
Given peak stage 2 dust fluxes at E26.1 of 0.7 g /cm 2/k y  quartz fluxes are 
likely to have been between 0.1 and 0.3 g /cm 2/ky. This would easily account 
for the fine quartz flux to the Taranaki sites however the bulk of quartz 
accumulated at the sites must have been of local provenance. The presence 
of the stage 4 peak at Taranaki poses some problems since no equivalent 
peak in dust flux is observed in E26.1 but Alloway et al. (1992) record a 
particle-size distribution similar to the stage 2 peak. Dust at E26.1 was 
m arginally coarser in stage 4 than stage 2 but not to the degree of doubling 
quartz  contents, as required. It seems likely that Australian dust has 
contributed to the quartz in the Taranaki loess but that accumulation rates 
were lower than those experienced at E26.1. In addition there must be a 
local source of fine silt to account for the stage 4 peak.
Antarctic Dust Records
Several ice core records of aeolian dust accession to Antarctica have now 
been recovered. Of these the longest is from Vostok in East Antarctica and it 
provides a continuous high-resolution record back to 180 ky (Petit et al., 
1990). Previously Vostok core results have also been published for shorter 
lengths (De Angelis et al., 1987; De Angelis et al., 1984; Legrand et al., 1988). 
A second core, from Dome C in East Antarctica, has also been examined 
(Petit et al., 1981) and shows essentially the same pattern of dust accession, 
but at lower concentrations, over its shorter (30 ky) span. The dust flux data 
from the full Vostok core (taken from the published figure of the smoothed 
data) are presented in figure 8.9. There are three major dust flux peaks; 
between 180-140 ky, 60 ky and 20 ky. Of these the first occurs during a cold 
interval, determined from the oxygen isotope stratigraphy, but is somewhat 
older than the stage 6 glacial maximum of the SPECMAP marine oxygen 
isotope record 'dated' orbitally. This discrepency, between the 'dating' of the 
Vostok core (Jouzel et al., 1987) and the SPECMAP chronology (Imbrie et al., 
1984; M artinson et al., 1987) may be due to error in the orbitally-tuned 
chronology, as evidence mounts for an earlier a n d /o r more complex last 
interglacial (Smart and Richards, 1992; Stein et al., 1993; W inograd et al., 
1992).
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Petit et al. (1990) attem pted to correlate the Vostok dust record w ith a 
magnetically-determined 'dust' record from core RC11-120 in the southern 
Indian Ocean on the premise that dust, as a stratigraphic marker, could be 
used to dem onstrate the contemporeity of stage 6 in the marine isotope 
record and zone H in the Vostok core. W ithout adequate identification of 
the m agnetic character of the aeolian com ponent I believe that this 
correlation is unfounded. Those authors cited Robinson's (1986) study from 
the N orth  Atlantic in which the aeolian com ponent was identified as 
antiferrom agnetic, 'haem atite', by the param eter HIRM (which is an 
expression of the 'hardness' of the m agnetization, table 6.1). In their 
exam ination of RC11-120 Petit et al. (1990) used the 'flux' (intensity x 
sedimentation rate) of magnetic susceptibility as a measure of dust flux. 
This argum ent is flawed for several reasons; the first is that no attem pt has 
been made to demonstrate the magnetic character of dust at the site. The 
Saharan dust identified by Robinson was antiferromagnetic in character, the 
A ustralian dust exam ined by me (chapter 6) is predom inantly  coarse 
SD/PSD magnetite (ferrimagnetic) while high susceptibilities in the marine 
cores (m easured by Petit et al.) are almost certainly fine ferrimagnetic. 
Secondly they have not considered other magnetic components in their 
sam ples. In the Tasm an Sea sedim ents I have found three fine 
ferrimagnetic components with patterns of occurrence related to climatic 
fluctuations (SD bacterial magnetite, SD ?maghemite (authigenic?) and SP 
m aghemite, from the bacterial m agnetite) two of which could possibly 
account for the pattern observed by Petit et al.
The case put forward by Petit et al. (1990) is, I believe, still unproved and 
fundamentally flawed. In the absence of their correlation I believe that the 
Tasman Sea record of dust flux is the first dem onstration of w idespread 
Southern H em isphere continental dust production , certainly from a 
continuous record tied to the marine oxygen isotope curve. This is not to 
say that Australian dust is the principal component of the Vostok dust. This 
appears unlikely for two reasons; the Tasman Sea record lacks the stage 4 
dust flux peak which is so prominent in the Vostok core. Secondly, limited 
isotopic examination of dust from the Dome C core and dust samples from 
all the southern continents has shown that Patagonian loess is by far closest 
in composition to the Antarctic samples (Grousset et al., 1992).
Petit et al. (1981) have argued that the size distributions of dust in the Dome 
C core provide evidence for stronger glacial age w inds than w inds
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experienced in the Holocene and that this was at least partly responsible for 
the increased glacial dust fluxes. Model sim ulations of the Antarctic 
atm osphere (Genthon, 1992) do not reproduce glacial dust deposition 
patterns by increasing wind strength. Instead increased supply of dust is 
believed to be responsible for at least 95% 'of the observed increased ice age 
concentrations'. The same paper does not adequately model this increase 
'since the probable enhancem ent of dust production in response to an 
increased continental aridity during an ice age is not taken into account' (p. 
384). Indeed the production of continental dust is modelled solely on the 
vertical mixing of the atmosphere and therefore does not take into account 
erosion hazard or erodibility of the land surface. As a result both the 
distribution and seasonality of dust-raising in Australia today are not 
reproduced (McTainsh et al., 1989; Yu et al., in press).
The Tasman Sea record shows glacial peaks of dust flux in stages 2 and 6. 
The persistence of high dust fluxes into the interglacial, stage 5.5, is observed 
in one core (E39.75) but not all. There is a strong case for simultaneous 
production of dust on the southern hem isphere continents (principally 
South America) and deposition in Antarctica, which is dem onstrated in 
stage 2. This implies that one of the time-scales, either SPECMAP or Vostok, 
is in error and requires adjustment to reconcile the apparent age difference.
8.3 Development of the Modern Climate: Creeping or Lurching Aridity?
Through the long record of the climate of southeastern Australia provided 
by the Tasman Sea cores, particularly E39.75, it is possible to trace long-term 
trends in the evolution of the m odern environm ent as well as the 
responses to climate change at the orbital frequencies, already discussed 
above. In this, final, section I will take the long view and examine the 
changes seen in the million years of record available as well as reviewing 
the terrestrial evidence for those phenomena. In addition it is appropriate 
to com pare the Tasman Sea record with other long m arine records of 
aeolian flux, particularly those of the North Pacific and Indian Oceans.
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8.3.1 The Million Year-Long Record from the Tasman Sea
The E39.75 Record
In chapter 6 the long-term trends in the dust record from E39.75 were 
discussed (6.1.3). The main features are;
- low dust fluxes before stage 10; at 350 ky. After stage 10, background levels 
of dust flux increased and the glacial cycles are seen in the record.
- the amplitude of the glacial dust flux peaks increased after stage 10, but not 
necessarily the duration (complicated by variation between cores).
- before stage 10, median aeolian grain size varied widely as two size 
populations alternated in relative concentration. After stage 10 the finer 
population increased in relative abundance and variations were of much 
lower amplitude (chapter 5).
These changes are clearly seen in figure 8.10. In addition three other 
m easured parameters also show marked step-wise shifts at stage 10. The 
accum ulation rate of calcium carbonate in the core follows closely the 
pattern of aeolian flux, despite lower relative concentration in the upper 
part of the core. The relative concentrations of both aeolian and carbonate 
components also record the stage 10 shift. Carbonate accumulation rates 
show a distinct peak in stage 10, in contrast to the dust, and do not show the 
dramatic trend in the amplitude of the glacial to interglacial cycles. Stage 2 is 
marked by a short intense deglacial peak in carbonate accumulation rates, 
quite distinct from the previous glacial stages. At present this core lies just 
below the lysocline in the Tasman Sea (I. Martinez, pers. comm., 1993). 
Lower frequencies of planktonic foraminiferal fragmentation in stages 2 and 
6 in this core (I. Martinez, pers. comm., 1993) may have increased the 
am plitude of the observed net accumulation rate peaks. However the 
increase in accumulation rates as total relative content decreased was not 
caused by dissolution. In a comparison of several techniques for estimation 
of palaeoproductivity, McCorkle et al. (1992) found that calcium carbonate 
accumulation rate was a sensitive indicator of prim ary productivity. The 
peaks in carbonate accumulation rate seen at E39.75 are in terpreted as 
intervals of greatly enhanced surface productivity.
M ineral m ag n e tic  analy sis  (ch ap te r 6) has show n  th a t the 
superparam agnetic (SP) component in the sediments increases abruptly at 
350 ky (figure 8.10). In the upper part of the core there are two broad high SP 
peaks, with a low in stage 6. The SP component was shown to be a distinct
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independent mineralogy, always occurring with SD magnetite but not vice 
versa. It is therefore thought to be SP m aghem ite form ed by low- 
tem perature oxidation of SD magnetite. Since sedimentation rates increased 
abruptly at 350 ky, residence time in the strongly oxidizing zone of the 
sedim ent surface must have been reduced. Oxygen concentration in the 
circumpolar deep water (CDW) m ust have increased significantly at this 
point to achieve the increased oxidation of magnetite in the face of both 
shorter residence time at the surface and increased consumption of oxygen 
in the respiration of the greater flux of organic m atter reaching the sea 
bottom. In E39.75 the SP signal increases between stage 10 and stage 8 (-270 
ky) where there is a second sharp increase. This coincides with the first SP 
peak in E39.72 (chapter 6) which is also marked by a sharp change to stronger 
colour (higher chroma) in the sediment. This colour transition is most 
probably due to oxidation of iron in smectites or chlorites. The significance 
of the apparen t time-lag betw een the two cores is uncertain and is 
complicated by their different oceanographic settings (water at E39.72 is a 
mixture of CDW and AABW).
A second magnetic param eter, Xa r m /SIRM, which is responsive to the 
concentration and also geometry of SD m agnetite, shows rem arkable 
concordance with the climatic fluctuations shown by the oxygen isotope 
record after stage 10, but appears to be quite independent before 350 ky. In 
chapter 6 the SD magnetite component was shown to be from bacterial 
m agnetosom es preserved in the sediment. The m agnetotactic bacteria 
which produce the magnetosomes are known to be sensitive to oxygen 
concentration (but apparently not oxygen saturation as such) and therefore 
appear to record oxygen concentration in two ways; firstly by their total 
abundance (values of Xa r m /SIRM less than 200) and secondly by the 
assem blage  of the three m agnetosom e m orpho log ies (values of 
^ARm /SIRM, towards 350). The bacteria are infaunal and therefore the 
environm ental oxygen concentration is that of the interstitial water at the 
sedim ent surface. The oxygen concentration of the interstitial w ater is 
determ ined by supply from the ambient water mass and consum ption by 
respiration during decomposition of organic matter.
The fact that bacterial magnetite is present in most of the core after 350 ky 
despite increased flux of organic matter to the sea-floor suggests that oxygen 
levels in the CDW must have increased to account for the increased oxygen 
consumption. Prior to 350 ky there were two long intervals unsuitable for
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the bacteria, presum ably because oxygen concentrations were too low, 
despite low organic fluxes. High values of Xarm /SIRM in the intervening 
periods demonstrate that interstitial oxygen concentrations were high but 
obviously sensitive to decreases in oxygen concentration of the ambient 
waters. These fluctuations were apparently unrelated to the glacial cycles, 
recorded by oxygen isotope values. Thus two changes seem to have 
occurred after 350 ky; oxygen concentrations of the ambient water mass 
(CDW) increased and fluctuations in interstitial oxygen concentration fell 
into phase with the glacial cycles. These fluctuations were mostly due to the 
cyclic flux of organic matter to the sea-floor and only secondarily due to 
changes in the ambient water.
The extent of the environmental changes occurring in stage 10, close to 350 
ky, was thus very wide, affecting the continental climate (supply of dust), 
surface waters (productivity) and deep water chemistry. Changes in 
atm ospheric conditions may also be indicated by the dust record. 
Interestingly, the benthic oxygen isotope record does not show any 
comparable change after stage 10 (nor do most oxygen isotope records from 
other cores) and so changes in global ice volume or the am plitude of the 
glacial cycle do not appear to be implicated.
The range and independence of the different parameters suggests that some 
form of sediment disturbance or contamination cannot easily explain the 
observations. Unfortunately none of the other Tasman Sea cores examined 
cover the same length of time (aeolian and carbonate fraction analyses) or 
they are in oceanographically dissim ilar sites (magnetic and carbonate 
analyses). Site E39.72 is unsuitable for studies of aeolian flux. As noted 
above, E39.72 shows an increase in the SP signal in stage 8 and likewise dust 
flux to the nearby core E26.1 appears to increase in stage 8 also, but this core 
does not extend to stage 10. Certainly the trends, if not the time of onset, are 
in agreem ent. The 350 ky 'event' in E39.75 may have been time- 
transgressive or a gradual shift rather than an abrupt change.
The 'Mid-Brunhes Climatic Event’
Clearly synchronous changes to the terrestrial, shallow m arine and deep 
m arine environm ents require some major and perhaps global shift in 
climates. A considerable num ber of studies from diverse regions have 
draw n attention to major changes in the geological record between 400 and 
300 ky. Jansen et al. (1986) sum m arised the global evidence from both
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hemispheres and concluded that conditions became 'more glacial’ in the 
Northern Hemisphere after the ’Mid-Brunhes Climatic Event’ and ’more 
interglacial’ in equatorial regions and the Southern Hemisphere. They 
drew on a variety of terrestrial and marine examples including sea surface 
temperature estimates and carbonate dissolution as well as continental lake 
records and weathering and denudation records. The Mid-Pleistocene 
carbonate dissolution maximum in the North Pacific is well known (Farrell 
and Prell, 1991; Hays et al., 1969) and in some cores the event marks a switch 
from interglacial carbonate preservation maxima before to glacial maxima 
afterwards (Hovan et al., 1991), although this may be quite localized. Rea 
(1990) found evidence for a short-lived ’event’ in the aeolian grain-size 
record of a North Pacific core, but this is clearly different from the step-wise 
shift seen in the Tasman Sea cores or the event described by Jansen et al. 
(1986). The terrestrial dust records of the Chinese loess plateau exhibit what 
may be the Mid-Brunhes event in the magnetic susceptibility records at 
some sites (Evans et al., 1991; Wang et al., 1990) but not at others (An et al., 
1991; Hovan et al., 1989; Kukla et al., 1988). The increased susceptibility of 
the upper palaeosols in the Baoji section (Evans et al., 1991; Wang et al., 
1990) would imply warmer interglacial conditions, contrary to the Northern 
Hemisphere trend described by Jansen et al. (1986).
A u s t r a l i a n  Region Records
In the Australasian region, sea surface temperature estimates from a core in 
the southeastern Indian Ocean (90°E, 45°S) show generally warmer summer 
temperatures in interstadials and glacial periods after stage 10 (Hays, 1978). 
Lake George, in the eastern highlands of Australia, experienced consistently 
higher water levels and fewer and shorter dry intervals after the mid- 
Brunhes (zone K) (Singh et al., 1981), although the lake level fluctuations 
are evidently not related to the glacial cycles of the late Quaternary. The 
pollen record from Lake George shows a mid-Brunhes cool-temperate 
rainforest and sclerophyll flora emerging out of a rainforest-poor flora in the 
early Brunhes being replaced by herbs in the late Brunhes (Singh and 
Geissler, 1985). These two trends at Lake George seem to be contradictory but 
must be the result of complex interactions between temperature and 
moisture availability.
The record from E39.75 points to intensification of ’glacial’ phenomena; 
dust production and surface productivity, in apparent contradiction of the 
Jansen model and the southern Indian Ocean record. Increased oxygenation
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of deep water could arguably be described as an 'interglacial' trend (Boyle, 
1988) how ever it seems unhelpful to use these terms, which tend to 
constrain our understanding of the changes.
Causes  a n d  N a tu r e  of  M i d - B r u n h e s  C l im at i c  Change
Jansen et al. (1986) proposed that the Mid-Brunhes event may have been an 
expression of the 400 ky eccentricity cycle, affecting the climate through 
some unexplained m echanism , and accounting for the hem ispheric 
imbalance. The 400 ky frequency was also found in the Baoji loess 
susceptibility record (Wang et al., 1990). However, most of the records 
considered here show a single event or transition rather than cyclic changes 
with a period of 400 ky.
Hovan et al. (1991) argued that the tem perature gradient of the Northern 
Hem isphere changed (increased?) after the mid-Brunhes, as evidenced by 
the consistently coarser dust in some N orth Pacific cores apparently  
transported by stronger winds. This is consistent with the evidence for 
colder conditions in the North Pacific and North Atlantic. The coincidence 
of greater flux of dust and increased marine surface productivity in the 
Tasman Sea could also be the result of stronger winds, but median aeolian 
grain size actually decreases at E39.75. It is not clear if the coarseness of 
Australian dust is controlled by the competence of the transporting wind so 
the finer post-stage 10 dust is not necessarily indicative of weaker winds. 
Stronger winds, or equatorward shift of the zonal westerlies, could possibly 
account for higher surface productivity in the Tasman Sea either by direct 
increase of w ind-driven mixing or a northw ard shift of the subtropical 
convergence, extending to the latitude of E39.75 in glacial stages. The 
southern Indian Ocean evidence argues against northw ard shift of the 
Antarctic Convergence. The decline of m oisture sensitive plants at Lake 
George as lake levels rose suggests that both evaporation and precipitation 
declined, but that the drop in evaporation was greater. Weaker winds and 
lower tem peratures would both decrease evaporation from the lake and its 
catchment.
Even in the Australasian region the climatic proxies apparently conflict. 
The Tasman Sea and Lake George both seem to be explicable in terms of a 
transition to colder a n d /o r  w indier conditions how ever this is not 
supported by the Southern Hem isphere sea surface tem perature record. 
Clearly the mechanism must be able to account for changes in the terrestrial,
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atmospheric, shallow marine and deep marine environments but must also 
account for complex regional patterns. Since the 'event' is not seen in the 
oxygen isotope record anywhere, ice volume alone can be ruled out as 
causative.
The palaeoclimatic record from Tasman Sea cores, particularly E39.75, has 
provided evidence for a major shift in climate in the region at 
approximately 350 ky in isotope stage 10. The nature of this change and the 
causative mechanism is not known since, although the Tasman Sea and 
Australian continental records can be interpreted by a shift toward colder 
conditions, there is considerable regional complexity.
For Australian palaeoclimatology the trends observed in E39.75 are 
significant since they suggest that large-scale wind erosion and dune activity 
in southeastern Australia began in stage 10 and that this was accompanied 
by activation of a supply of very fine silt-sized material for deflation.
The event or transition recorded in the Tasman Sea record appears to be an 
expression of the so-called mid-Brunhes climatic event which was a global 
phenomenon occurring between 400 and 300 ky. The cause of the climatic 
change is unclear however the effects were apparently quite complex. The 
results of this project point to a single event or transition rather than low- 
frequency cyclic change.
8.3.2 Long-Term Palaeoclimatic Records from Australia 
The Cainozoic Background - Creeping A r id i ty
Several strands of evidence point to a steady drying of Australia since the 
Miocene. For example pollen analysis of late Cainozoic sediments from 
southeastern Australia has shown that in the Murray Basin and river 
valleys draining the eastern highlands N otho fagus  forest dominated until 
the late Oligocene when it began to decline, eventually disappearing in the 
early Miocene (—15 m.y) (Martin, 1990). From the late Oligocene onwards 
Myrtaceae species increased in abundance, accompanied by an increase in 
charcoal (Martin, 1989). Grasses and herbs first appear in the record in the 
mid-Miocene but increase rapidly in abundance in the Pliocene. These 
changes clearly point to a transition toward more water-stress tolerant plants 
covering 25 million years.
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Phytoliths, from terrestrial plants, preserved in sediments from the Lord 
Howe Rise in the Tasman Sea increase in abundance in the Pliocene (Locker 
and Martini, 1986; Locker and Martini, 1989). Phytoliths are present in all 
vascular plants but are most common in grasses and this increase in 
phytolith abundance does indeed appear to coincide with the increase in 
grasses seen in southeastern Australia during the Pliocene (Martin, 1990).
The ratio of smectite to illite in Lord Howe Rise sediments was used by Stein 
and Robert (1986) to argue for onset of aridity in northern Australia in the 
early to mid Miocene, progressively expanding southw ard to be seen at 6 
m illion years at 31°S. They proposed that hum id environm ents in 
southern Australia in the Miocene and before resulted in form ation of 
smectite group clays, which were then transported as dust to the Tasman Sea 
to mix with small quantities of illite derived from New Zealand. Later, as 
A ustralia m oved into the tropics and became w arm er and dryer, the 
predom inant weathering products became kaolinite and illite. Their data do 
indeed show a southward advance of the decreasing sm ectite/illite ratio and 
increase in the relative abundance of kaolinite over time synchronous with 
increased relative abundance of terrigenous matter (>6 pm). This evidence 
is im portant since it appears to contradict Bowler's (1982) argum ent for 
initiation of drying and aridity in the south, progressing northward.
Bowler argued that the dramatic changes which have occurred in the global 
clim ate since the M iocene w ould  have overtaken  any g radual 
un iform itarian  trend as the continent m oved northw ard . He used 
estimates of Miocene SST's to show that the seas to the south of Australia in 
the Miocene (50°S) were warm er than waters in an equivalent position 
today (40°S). Using the relationship between tem perature gradient and 
position of the sub-tropical high pressure belt determ ined from m odern 
meteorological observations he concluded that in the Miocene most of 
Australia would have been in an effectively 'sub-tropical' climate, north of 
the high pressure ridge. If this argument is valid then obviously the model 
of Stein and Robert, where Australia floats through a zonal circulation 
system identical to the modern, is not. This, and other geological evidence 
marshalled by Bowler, are impressive arguments for late Miocene/Pliocene 
cooling and northward shift of the circulation zones but can they account for 
the Lord Howe Rise observations?
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Under Bowler's hypothesis the Lord Howe Rise sites would have been 
under the influence of zonal easterlies until the Pliocene, rather than the 
westerlies as in Stein and Robert's model. To the east of the Tasman Sea lies 
the volcanic arc of New Zealand, the Kermadecs and Vanuatu. All are 
potential contributors of smectite, through weathering of volcanic ashes. 
Ash laminae in the same Lord Howe Rise cores are more abundant in the 
Cainozoic, before 8 million years than since (Gardner et ah, 1986). 
Com parison of the individual core records shows that at site 590 the 
sm ectite/illite ratio is very similar to the log of ash band frequency, but this 
is not the case for sites 588 and 591. The ash layers would appear to be an 
im portant contaminant in these cores but are probably not the only source 
of smectite. Deflation of smectite-rich volcanic soils in New Zealand by 
easterlies is another possible source. The initial premise of Stein and Robert 
regarding the mineralogy of Australian soils is also misleading. Norrish 
and Pickering (1983) state that 'some soil groups such as desert loams, grey, 
brown and red clays, and black earths that have illite as their dom inant clay 
m ineral in southern Australia have smectite as their dom inant clay in 
northern Australia' (p292). Other smectite-rich soils are the basalt soils of 
southeastern and central Queensland and laterites. The earlier northern 
appearance of illite is still not explained but the argum ent is now more 
complex than that proposed by Stein and Robert. The significant differences 
between the two cores 590 and 591, within 200 km distance of each other, 
suggests that local processes are complicating the picture as well.
Clearly the background to the modern climate is one of gradual drying since 
the Miocene. True 'aridity', as the final stage in the progression, is not seen 
until the Quaternary.
The Onset of Aridity: A Lurch in the Climate?
The transition from freshwater lacustrine conditions to playa conditions in 
several basins throughout Australia has been used to infer the timing of the 
transition to true aridity. In the Lake Eyre Basin playa sediments are found 
in the Tirari Formation from the M atsuyama or Gilbert Chron (this older 
interpretation relies on biostratigraphic correlation; Tedford et ah, 1992). 
The o ldest da ted  dunes in the Strzelecki-S im pson dunefie ld  are 
substantially younger; 243±23 ky (Gardner et ah, 1987) and 274±22 ky 
(Nanson et al., 1988). In the Lake Amadeus Basin of Central Australia the 
transition from freshwater to playa facies occurred around 0.9 or 1.6 million 
years ago (depending on interpretation of the palaeomagnetic record) (Chen
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and Barton, 1991). Deflation of the playa led to formation of gypseous dunes 
before either 0.98 or 0.73 million years. These are the oldest dated desert 
aeolian features in Australia.
In southeastern Australia the large freshwater Lake Bungunnia existed into 
the early Brunhes Chron (An et al., 1986) and is stratigraphically overlain by 
Brunhes-age aeolian units. From this stratigraphy an age of 500 ky was 
proposed for the onset of aeolian and playa formation (An et ah, 1986; 
Bowler, 1982). From this rather sparse data the approxim ate time of 
transition to arid conditions is seen to be time transgressive; appearing first 
in central Australia and spreading to the more humid margins.
The oldest dune units of two important sites have not been reliably dated 
but tentatively correlated with isotope stage 10 by 'counting back'. Wasson 
(1987) argued for a stage 10 initiation of dune-building at Nyah West on the 
basis of the four dune units recognised which were attributed to glacial 
stages, on the basis of TL dating of the upper units (Readhead, 1988). Deeper 
sampling and further dating showed that there are up to six layers and that 3 
formed during stage 6 (Readhead, 1990). Williams (1982) showed that the 
upperm ost of four aeolian units exposed in a cliff at the head of Spencer 
Gulf formed within the last glacial cycle and argued by extension that four 
glacial cycles were recorded. W hether either of these estim ations are 
accurate or not, the oldest dunes were formed prior to 200 ky, probably in the 
m id-Brunhes chron.
The strong increase in dust flux to the Tasman Sea in stage 10 provides well 
dated evidence for the onset of significant aeolian activity in southeastern 
Australia and confirms the estimates of both Wasson and Williams. Clearly 
some dust was being transported to the Tasman Sea before stage 10 but at 
very low levels. This may have been from the southeastern sector of the 
continent or may have been transported southeast from central Australia, as 
occurs occasionally today. The appearance of the E39.75 dust record alone 
suggests a rather sudden lurch in the continental climate. In the wider view 
however this core must be considered against the E26.1 record, for example, 
and the dated dunes of Lake Amadeus. The transition to aridity in the 
Australian landscape has been a very slow one, taking 25 million years. The 
abrupt increase in dust entrainment in southeastern Australia in stage 10 is 
perhaps more correctly seen as the crossing of another threshold. Since the 
stage 10 glacial, subsequent glacial stages have seen progressively greater
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dust fluxes to the Tasman Sea and greater aeolian activity on land. It is 
unclear whether the degree of aeolian activity was greater in stage 6 than the 
last glacial interval (both the m arine and continental evidence is 
ambiguous) but it is certain that the continental dunefields were extensively 
reworked during the last glacial, continuing into the Holocene (Gardner et 
ah, 1987; Nanson et ah, 1992), to the extent that rem nants of previous 
aeolian phases are sometimes difficult to find. It seems likely that 
continued development and application of thermoluminescence dating will 
eventually see better definition of the periods of continental dune activity 
and perhaps even dating of the scattered dust deposits.
8.3.3 Global Records of Dust Transport
As a long record of continental environments linked to the marine record 
of climate change the Tasman Sea dust flux record is an im portant link 
betw een Australia and the world. Through the globally synchronous 
marine oxygen isotope record long records of late Quaternary climates from 
diverse areas can be compared on equal terms.
The Chinese loess deposits occupy a parallel position to the Australian dust 
system; they are formed in an arid landscape within the westerly circulation 
of the N orthern Hem isphere, at the opposite latitudinal extreme of the 
same seasonal monsoon system. It w ould be foolish to overstate the 
similarities, however, in view of the obvious and enorm ous differences. 
While rainfall in southeastern Australia is dom inantly extra-tropical winter 
rain, in northern China rainfall is highest in the summer and is monsoonal 
(in the more conventional sense of the tropical monsoon), despite the 
higher latitude. W inters in northern China are far colder than are ever 
experienced in Australia and the degree of aridity is greater. Accumulation 
rates of dust in China are enormous in comparison with the trivial dust 
deposits of Australia. Yet dust is transported by the zonal westerly winds in 
both cases and both dust systems respond primarily to the moisture balance 
of desert areas (Middleton, 1989; Yu et al., in press).
Dating of the Chinese loess is problematical and only a few TL dates are 
available to support the palaeomagnetic stratigraphy. A high resolution 
chronology of the late Quaternary has been elusive and most chronologies 
have used the magnetic susceptibility logs from the loess either by matching
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with the SPECMAP record (Clemens and Prell, 1990; Maher and Thompson, 
1992) or by assuming constant detrital flux of magnetic minerals (Kukla et 
al., 1988). The second method is invalid both on mathematical grounds and 
because a large part of the susceptibility is acquired after deposition (Maher 
and Thompson, 1991; Zhou et ah, 1990). The first m ethod assumes a 
relationship between the two records mainly on the basis of apparent 
sim ilarity, the supporting absolute dates and the presence of so-called 
M ilankovitch frequencies in the power spectra of the m atched loess 
susceptibility record.
A direct link is provided by the examination of the flux of dust to the North 
Pacific Ocean. The best record of Chinese dust in the marine record comes 
from core V21-146 (Hovan et al., 1991; Hovan et al., 1989), figure 8.11. Other 
cores have been examined over a variety of tim e-spans but lack high 
resolution chronologies to allow calculation of mass accumulation rates for 
even the num bered isotope stages. An exception is RC11-210 in the central 
equatorial Pacific however the origin of dust reaching this site is uncertain; 
the authors suggest three continents as possibilities (Chuey et al., 1987; Rea, 
1990)! A detailed meridional transect studied by Rea and Leinen (1988) and 
Leinen (1989) found low glacial aeolian MAR but this is probably a result of 
the linear sedimentation rates assumed, whereas studies of carbonate MAR 
from the N orth Pacific and equatorial Pacific show a strong stage 3 /2  
maximum (Hovan et al., 1991; Rea et al., 1991) which could easily reduce the 
relative aeolian content and therefore the aeolian MAR calculated. The 
argument of Pye and Zhou (1989) to explain their results would appear to be 
redundant.
The V21-146 record shows dust fluxes w ithin 0.1 g /c m 2/k y  of values 
obtained from E39.75 in the Tasman Sea (figure 8.11). This is not a 
demonstration of great similarity but rather of great difference; E39.75 is at 
most 20° longitude from the source area but V21-146 is approximately 60° 
longitude from the Gobi Desert source area. The V21-146 record shows 
aeolian flux maxima in the glacial isotope stages and also in the cold periods 
within the odd-num bered 'interglacials'. The dust flux to the site during 
stage 4, for example, was greater than in stage 2. High fluxes were also 
experienced in sub-stage 5.4 (5 d), stage 6, late stage 7, early stage 8, stage 10 
and stage 12. Clearly there are more peaks than in the Tasman Sea record, 
where generally only the glacial maxima were times of high dust flux. Stage 
4 is the largest of these 'missing' peaks in the Tasman Sea. Indeed the
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Chinese dust flux peaks are closer to the New Zealand loess units of Pillans 
(1988) both in timing and number.
In the N orth Pacific record the am plitude of the dust flux peaks has 
increased since stage 12 (figure 8.11). The overall trend seen in this core is 
very similar to the Tasman Sea record, however the 350 ky 'event' was 
obviously a mid-Brunhes 'transition', and significant aeolian activity has 
obviously been occurring in China throughout the Q uaternary. Since 
records of aeolian grain size in V21-146 do not show a parallel trend, and 
actually decrease slightly in the amplitude of variation (Hovan et al., 1991), 
it seems most likely that, as in Australia, the greater dust flux since the mid- 
Brunhes is due to more intense aridity in the source area rather than the 
strength of the atmospheric circulation.
A second record of aeolian flux is that from RC27-H in the northwest Indian 
Ocean which receives dust from the Arabian and Somalian Peninsulas in 
the sum m er monsoon (Clemens and Prell, 1990). Maximum dust flux 
occurred in the glacial stages and stage 4 (figure 8.11). There are fewer 
in term ediate peaks in this record than in V21-146 and the increasing 
am plitude of flux peaks seen in the North and South Pacific is not seen 
here. Time-series analysis of the aeolian dust size record from RC27-31 
shows a strong peak at the precessional frequency (=23 ky), which the 
authors attributed to changes in the strength of the wind field; microfossil 
evidence indicates a coincidence with w ind-driven upw elling. The 
dom inance of the 100 ky eccentricity frequency in the aeolian flux record 
from the same core m ust be due to source area supply rather than wind 
strength. Higher erosion hazard or exposure of the Persian Gulf at low sea- 
level stands may both have contributed to the supply of dust to the Arabian 
Sea site.
In these comparisons it is seen that the Tasman Sea record of dust flux from 
southeastern Australia shows gross agreem ent with records of dust flux 
from China and Arabia; glacial periods are seen to be periods of greater 
aridity in all three areas and a trend toward greater aridity since the mid- 
Brunhes is seen in the N orth and South Pacific. There are sufficient 
differences between the different records, due to their different geomorphic 
environm ents, to make discussion of timing of the response to climate 
change in each region unhelpful at this stage. There is no secure stage 4 dust 
peak in the Tasman Sea whereas this event is prominent in aeolian records
356 Chapter 8
in New Zealand, the North Pacific and Indian Ocean. The southeastern 
Australian record appears to record major episodes of aridity associated with 
peak glacial conditions, unlike the records from China, Arabia and New 
Zealand where intervening arid events are seen.
8.4 Conclusions
O f  course , after so very short a v is i t , one's  opinion is 
worth scarcely anything; but it is as difficult  not to form  
some opinion , as it is to form a correct judgement .
Charles Darwin, Journal of Researches
The three principal findings of this study are:
1) The southeastern Australian dust plume, which carries dust from inland 
southeastern Australia to the southern Tasman Sea, has a distinct northern 
margin located near 33°S, being north of this latitude in glacial periods and 
south in interglacial intervals. The m axim um  latitudinal shift in the 
position of the northern margin of the dust plume and, by extension, the 
subtropical ridge (marking the divide between westerly and easterly winds) 
was approximately 3° of latitude or 330 km.
2) Dust flux to the Tasman Sea increased up to threefold from interglacials 
to glacials in the late Quaternary. Two approaches were used in an effort to 
decouple the roles of source area supply and transport limits in determining 
the dust flux how ever the aeolian particle size d istribu tions w ere 
inconclusive and a downwind dust flux transect inadequate for resolution 
of this problem . The large uncerta in ties associated w ith  older 
thermoluminescence dates on aeolian landforms also make it difficult to be 
certain of the association between continental aeolian activity and global 
climates. In the marine record it is clear that dust fluxes were greatest under 
glacial conditions over the last four complete glacial cycles. Periods of high 
dust flux to the Tasman Sea are correlated with dated intervals of aeolian 
activity in southeastern Australia, but not the Lake Eyre Basin of central 
Australia, which are known to be times of greater aridity and possibly also 
stronger winds.
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3) The flux of dust to the Tasman Sea was consistently low prior to stage 10 
but after that time increased greatly, especially in glacial stages. This record 
agrees with sparse continental evidence in suggesting that at approximately 
350 ky the threshold to true aridity was crossed in inland southeastern 
Australia. The greater resolution of the m arine record is useful in 
establishing the history of continental environm ents beyond the period 
which can be reliably interpreted with absolute dating methods.
These results were determined from analysis of six cores in a north-south 
transect at 160°E and one core further from Australia, in the east Tasman 
Sea. In the calculation of mass accumulation rates, which form the basis of 
the conclusions above, reliable high-resolution chronology is necessary for 
each core and is best obtained from a calibrated oxygen isotope stratigraphy. 
The northernm ost of the cores in the transect does not have a reliable 
isotope chronology and mass accumulation rates were not calculated. The 
two southernm ost cores do not have isotope chronologies either but low 
resolution age m odels were derived from the carbonate preservation 
stratigraphy, correlation of tephras between cores and the identification of 
the B runhes/M atsuyam a magnetic reversal in core E26.4. The calculated 
dust fluxes for these two cores (E26.3 and E26.4) do not have the same 
resolution as the northern, cores to the extent that individual isotope stages 
cannot be resolved. The prominent glacial stage peaks of dust flux seen in 
E39.75 and E26.1, for example, cannot be seen in the southern cores because 
of low temporal resolution. In view of the depth and consequent poor 
carbonate preservation in the Tasman Basin it is unlikely that high 
resolution cores will ever be recovered from the southern Tasman Sea. The 
two cores are useful, however, in that they confirm the presence of high 
average dust fluxes to the southern Tasman Sea.
The principal conclusions rest on the results of the four high quality cores 
E39.75, C l/8 6  6GC3, SO-36-61 and E26.1. The first three of those cores form a 
transect spanning the northern edge of the dust plume, from south to north. 
The core E39.75 has the highest sedimentation rates, and the longest record, 
and thus the highest resolution chronology. The prom inent glacial stage 
dust flux peaks in E39.75 are the highest seen in any of the cores and 
likewise interglacial dust fluxes are higher than both cores to the north. In 
SO-36-61, with low sedimentation rates but a firm isotope chronology, dust 
fluxes during the last two glacial cycles were uniformly low and glacial 
stages are not m arked by (detectable) increases in dust flux. The
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interm ediate core, C l/8 6  6GC3, although missing stages 2 and 1, shows 
clearly a transition from low fluxes of dust, close to those of SO-36-61, in the 
interglacial stage 5 but much higher fluxes, approaching E39.75, in stages 6 
and 4. This amplitude is most likely due to the glacial northward migration 
of the northern margin of the dust plume, with a shift of approximately 3° 
latitude. Obviously it is desirable to have a complete record from this 
latitude extending to the Holocene. The core Z2108 would be ideal and 
indeed indirect estimates of dust flux to the site (figure 8.4) tend to conform 
to the expected pattern, especially in the upper part of the core after stage 4.
Partly because of disturbance to the top of the E39.75 piston core, there is 
some difficulty in accurately establishing the timing and duration of stage 2 
dust fluxes to the site. The chronology derived from the coarse sampling 
interval of the trigger core indicates a late stage 2, after 18 ky, dust flux 
maximum possibly continuing into early stage 1 but declining again at the 
core top. In contrast, the stage 6 glacial interval in the piston core is marked 
by prolonged high dust flux. Not only does the record confirm that 
considerable deflation occurred in southeastern Australia before the last 
glacial cycle but suggests that the duration of high-deflation conditions was 
greater in the previous glacial cycle than in the ultimate cycle. Core E26.1 
from the eastern Tasman Sea close to New Zealand shows the reverse 
pattern of peak height and duration. The differences between the cores 
appear to be real, rather than products of the method or age models, and 
probably arise from some differences in the dust transport pattern to these 
sites. On the other hand, stage 2 in E26.1 is securely located at the glacial 
maximum and, taking account of the problems of chronology discussed 
above, is indistinguishable from the apparent late stage 2 peak in E39.75.
The overall pattern is one of high dust fluxes to the central Tasman Sea in 
the rather narrow  stage 2, all of stage 6 and stage 8 with lower fluxes in 
interglacials and stage 10 but much lower fluxes for 700,000 years before 
then. The long-term directional trend in the record of core E39.75, and 
possibly also E26.1, is consistent with the rather scarce evidence from the 
Australian evidence for the onset of true aridity in the continent's southeast 
in the mid-Brunhes. It is clear that the environm ent of Australia has 
undergone long and gradual drying over at least the last 20 million years. In 
that time the M urray Basin has seen forests of Southern beech (Nothofagus) 
give way to a landscape of dunes and playas, in the west. The rapid increase
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in dust flux to the Tasman Sea at 350 ky is most likely an expression of the 
crossing of the last threshold to true aridity in the Murray Basin.
The record from the core E39.75 offers an insight into the processes of 
climatic change in the m arine environm ent as well. The synchronous 
increase in aeolian dust flux, surface water productivity and deep-water 
oxygenation (above) at 350 ky point strongly to some global shift in climate 
(the 'Mid-Brunhes Climatic Event' perhaps), resulting also in the onset of 
aridity in southeastern Australia, due to an unknown forcing mechanism. 
Certainly there is abundant evidence of the enormous effects of the glacial 
cycles in these marine cores, and even in the record of the stable Australian 
continent, however there is also compelling evidence for longer time-scale 
directional climate changes which do not have any ready explanation. 
Hopefully with the study of more long-term records from the region the 
causes (and nature) of these changes will become clear.
In this study it has not been possible to determine the effects of the strength 
of the atmospheric circulation on the dust flux record. It is most likely that 
the expected controls on dust grain size of wind strength are obscured in the 
sediment record because of the prevalence of aggregates of silts and clays in 
Australian dusts. Given this limitation, the record is interpreted only as 
one of aeolian deflation from the continent. There is a similar paucity of 
clear evidence from on-land of past wind strengths and this appears to be a 
major obstacle to our understanding of both the marine record and the 
continental aeolian record. We are at the stage where we can all too often 
only identify a range of possible combinations of boundary conditions (such 
as tem perature, precipitation or windiness) which may have given rise to 
the observed records of dust flux, dune activity, lake levels etc. In the case of 
w indiness, it m ay be possible to gain some insight by studying the 
sedimentology of proximal aeolian deposits in more detail.
As a record of 'arid ity7, or just aeolian deflation, the Tasman Sea aeolian 
dust flux record provides a long record of the Australian environm ent 
which will hopefully be seen as a reliable addition to the rather fragmentary 
continental record over the same time-scales. There appear to be real 
limitations to the resolution of the marine record in the late Pleistocene. In 
this in te rval abso lu te  da ting  m ethods, such as rad iocarbon  and 
thermoluminescence, have high accuracy but the marine record is limited 
principally by low sedim entation rates but also by poor core recovery.
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Collection of undisturbed box cores from the region for further study of the 
Holocene and late Pleistocene should be a priority of future m arine 
palaeoclimatic investigations.
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Appendix 2 Core Particle Size Distribution
Data
2.1 E39.75 PC
2.2 E39.75 TC
2.3 SO-36-61
2.4 E26.1
2.5 Cl/86 6GC3
2.6 C12/8712GC9
Definitions
Coarsest lower limit of coarsest size class with >2% volume (jim) 
Coarse mode diameter of coarsest mode identified from his tograms (jam) 
Md median grain size; diameter of 50th percentile
Mz graphic mean (Folk), see chapter 5
Graphic SD Graphic standard deviation, see chapter 5
Appendix 2.1
E39.75 PC Particle Size Distribution Data
Depth Age Coarsest %  >8 Md Md (<J>) Mz (<j>) Graphic Graphic
( cm ) ( ky) pm ( pm ) Skewness SD
2.0 7.6 9.5 7.9 3.00 8.38 8.54 0.19 1.27
6.0 12.0 10.0 13.0 3.65 8.10 8.27 0.21 1.28
8.0 14.2 9.5 9.2 3.10 8.33 8.44 0.13 1.27
13.0 19.6 9.5 9.4 3.55 8.14 8.34 0.24 1.27
18.0 26.5 10.0 12.1 3.00 8.38 8.47 0.11 1.31
23.0 39.0 10.0 14.1 3.35 8.22 8.38 0.18 1.30
28.0 51.5 10.0 10.7 3.00 8.38 8.50 0.14 1.27
33.0 61.7 10.0 15.6 3.40 8.20 8.30 0.11 1.35
38.0 68.3 10.0 13.8 2.80 8.48 8.45 - 0.03 1.39
43.0 73.9 9.5 10.0 3.05 8.36 8.45 0.12 1.26
48.0 78.8 9.0 6.6 3.05 8.36 8.50 0.17 1.25
53.0 83.6 9.5 5.9 3.00 8.38 8.46 0.10 1.20
58.0 88.5 10.0 9.1 3.30 8.24 8.43 0.22 1.30
63.0 93.4 9.0 3.2 2.60 8.59 8.63 0.06 1.17
68.0 98.2 10.0 7.3 2.90 8.43 8.52 0.10 1.27
73.0 103.1 9.5 7.2 2.95 8.41 8.48 0.09 1.25
78.0 107.9 9.5 7.5 3.00 8.38 8.49 0.13 1.28
83.0 112.6 10.0 6.1 3.10 8.33 8.49 0.19 1.26
88.0 117.3 10.0 7.3 3.20 8.29 8.46 0.21 1.28
93.0 122.0 10.0 12.3 3.25 8.27 8.39 0.15 1.31
98.0 124.0 9.0 7.2 2.50 8.64 8.63 - 0.01 1.20
103.0 126.0 10.0 11.7 2.75 8.51 8.47 - 0.05 1.26
108.0 128.0 9.5 7.0 3.00 8.38 8.48 0.12 1.18
113.0 130.3 9.0 5.5 3.00 8.38 8.45 0.08 1.17
118.0 132.7 9.5 8.4 3.35 8.22 8.37 0.18 1.25
123.0 135.0 9.5 6.8 3.35 8.22 8.42 0.25 1.24
128.0 137.1 9.0 8.7 3.40 8.20 8.40 0.24 1.26
133.0 139.2 9.5 7.7 3.00 8.38 8.55 0.20 1.26
138.0 141.3 9.5 9.9 3.40 8.20 8.38 0.21 1.29
143.0 143.3 9.0 6.6 3.15 8.31 8.48 0.19 1.27
148.0 145.4 9.0 6.3 2.90 8.43 8.55 0.14 1.28
153.0 147.5 8.5 4.8 2.40 8.70 8.65 - 0.07 1.21
158.0 149.6 9.5 8.9 3.25 8.27 8.44 0.20 1.30
163.0 151.7 9.5 7.2 3.05 8.36 8.47 0.13 1.24
168.0 153.8 10.0 9.5 3.30 8.24 8.41 0.19 1.28
173.0 155.9 9.5 7.7 3.00 8.38 8.46 0.10 1.26
178.0 158.0 9.5 6.5 3.15 8.31 8.46 0.18 1.23
183.0 160.0 9.5 6.6 3.20 8.29 8.47 0.21 1.27
188.0 162.1 10.0 9.2 3.25 8.27 8.42 0.18 1.27
193.0 164.2 9.5 7.3 3.20 8.29 8.44 0.18 1.25
198.0 166.3 9.5 6.9 3.15 8.31 8.44 0.15 1.27
203.0 168.4 9.0 7.6 3.25 8.27 8.46 0.23 1.27
208.0 170.5 8.5 4.3 3.10 8.33 8.50 0.20 1.25
213.0 172.6 9.5 7.9 2.90 8.43 8.49 0.07 1.25
218.0 174.6 13.0 13.5 3.25 8.27 8.33 0.07 1.28
223.0 176.7 13.0 13.4 3.55 8.14 8.26 0.15 1.26
228.0 178.8 13.0 9.7 2.95 8.41 8.46 0.06 1.28
233.0 180.9 9.5 7.6 2.95 8.41 8.53 0.15 1.24
238.0 183.0 9.0 7.0 3.20 8.29 8.44 0.18 1.25
243.0 185.8 9.5 9.4 3.10 8.33 8.40 0.08 1.21
248.0 188.5 9.0 8.2 3.30 8.24 8.43 0.21 1.31
253.0 191.3 9.5 7.4 3.10 8.33 8.51 0.20 1.30
258.0 194.0 9.0 6.6 3.25 8.27 8.48 0.25 1.30
263.0 197.7 9.0 7.0 3.20 8.29 8.46 0.21 1.28
268.0 201.3 13.0 14.8 3.40 8.20 8.30 0.11 1.35
273.0 205.0 9.5 6.8 2.65 8.56 8.56 - 0.00 1.27
278.0 208.7 9.5 10.5 2.95 8.41 8.50 0.11 1.28
283.0 212.3 10.0 10.8 3.00 8.38 8.49 0.12 1.29
288.0 216.0 9.5 9.5 3.00 8.38 8.45 0.08 1.22
293.0 222.0 13.0 11.3 2.80 8.48 8.46 - 0.03 1.32
298.0 228.0 10.0 10.9 3.00 8.38 8.41 0.03 1.28
303.0 233.0 9.5 7.4 3.05 8.36 8.52 0.19 1.30
308.0 238.0 9.5 9.3 3.00 8.38 8.47 0.11 1.25
318.0 242.0 9.0 7.5 2.80 8.48 8.59 0.13 1.25
328.0 246.1 9.5 3.8 2.85 8.45 8.58 0.15 1.25
338.0 249.7 10.0 10.9 3.10 8.33 8.41 0.09 1.31
348.0 253.4 9.0 7.0 2.80 8.48 8.57 0.11 1.28
358.0 257.0 9.5 7.2 2.65 8.56 8.60 0.05 1.27
368.0 262.0 10.0 14.0 2.90 8.43 8.43 0.00 1.39
378.0 267.0 9.5 7.2 2.85 8.45 8.52 0.08 1.27
388.0 272.0 9.0 7.4 2.75 8.51 8.59 0.10 1.26
398.0 277.0 10.0 11.6 3.15 8.31 8.38 0.09 1.28
408.0 282.0 9.5 7.7 3.00 8.38 8.47 0.11 1.19
418.0 287.0 9.0 6.1 3.05 8.36 8.49 0.17 1.20
428.0 293.0 9.0 6.7 2.80 8.48 8.59 0.14 1.18
438.0 299.0 9.5 8.3 2.90 8.43 8.54 0.13 1.24
448.0 309.5 10.0 8.9 3.15 8.31 8.46 0.17 1.29
458.0 320.2 9.5 9.4 2.90 8.43 8.50 0.09 1.29
468.0 331.0 9.5 8.9 2.95 8.41 8.48 0.09 1.19
478.0 337.7 9.0 5.7 2.70 8.53 8.57 0.04 1.18
488.0 344.6 10.0 9.6 3.00 8.38 8.44 0.07 1.23
498.0 351.5 10.0 10.4 2.90 8.43 8.43 - 0.00 1.22
508.0 358.5 10.0 9.3 3.10 8.33 8.44 0.12 1.28
518.0 373.3 13.0 9.8 3.05 8.36 8.41 0.07 1.21
528.0 395.9 9.5 10.8 3.65 8.10 8.34 0.27 1.31
538.0 418.5 9.0 4.5 3.05 8.36 8.44 0.11 1.11
548.0 445.0 13.0 11.2 3.85 8.02 8.21 0.24 1.18
558.0 472.5 10.0 11.0 4.15 7.91 8.20 0.36 1.19
568.0 489.0 9.5 6.9 3.10 8.33 8.47 0.17 1.23
578.0 503.1 9.5 8.9 3.10 8.33 8.42 0.11 1.18
588.0 517.0 9.5 10.6 3.05 8.36 8.41 0.07 1.20
598.0 530.8 9.5 10.3 2.95 8.41 8.43 0.03 1.21
608.0 544.5 10.0 13.0 3.10 8.33 8.37 0.04 1.26
618.0 558.2 13.0 11.5 3.05 8.36 8.40 0.05 1.23
628.0 570.9 9.5 9.2 3.15 8.31 8.40 0.11 1.20
638.0 582.6 9.5 7.8 3.15 8.31 8.43 0.15 1.21
648.0 594.3 9.0 7.7 3.90 8.00 8.29 0.38 1.15
658.0 606.0 10.0 9.9 3.90 8.00 8.24 0.28 1.23
668.0 617.7 9.5 10.6 3.55 8.14 8.28 0.19 1.18
678.0 632.3 10.0 10.3 3.85 8.02 8.23 0.26 1.20
688.0 647.7 10.0 8.7 4.20 7.90 8.17 0.35 1.17
698.0 663.1 10.0 10.7 3.85 8.02 8.27 0.30 1.25
708.0 678.4 9.0 8.8 2.90 8.43 8.47 0.05 1.21
718.0 693.8 13.0 15.0 3.35 8.22 8.32 0.12 1.27
728.0 709.2 10.0 13.3 3.85 8.02 8.22 0.25 1.21
738.0 724.6 13.0 16.8 3.75 8.06 8.16 0.12 1.27
748.0 740.0 10.0 11.2 3.40 8.20 8.33 0.16 1.20
758.0 755.3 10.0 10.9 3.85 8.02 8.23 0.27 1.19
768.0 770.7 9.5 7.6 4.20 7.90 8.19 0.39 1.14
778.0 786.1 9.5 8.6 3.80 8.04 8.29 0.30 1.23
788.0 801.5 9.5 8.1 3.55 8.14 8.35 0.26 1.24
798.0 816.9 10.0 13.5 3.90 8.00 8.18 0.22 1.21
808.0 832.2 9.0 8.2 3.05 8.36 8.55 0.20 1.46
818.0 847.6 10.0 9.1 3.15 8.31 8.50 0.21 1.37
828.0 863.0 9.0 4.4 2.45 8.67 8.76 0.09 1.40
838.0 878.4 9.0 6.3 2.90 8.43 8.62 0.20 1.40
848.0 893.8 9.0 7.4 2.50 8.64 8.77 0.13 1.37
858.0 909.1 10.0 7.9 2.40 8.70 8.75 0.05 1.35
868.0 924.5 10.0 13.3 3.10 8.33 8.50 0.18 1.45
878.0 940.0 13.0 13.1 2.75 8.51 8.51 0.00 1.45
888.0 955.4 9.0 7.6 3.10 8.33 8.55 0.24 1.38
899.0 972.3 9.5 6.8 3.10 8.33 8.52 0.21 1.35
908.0 986.0 9.0 8.3 2.85 8.45 8.60 0.15 1.44
918.0 1001.5 9.0 8.1 3.05 8.36 8.54 0.19 1.41
928.0 1016.9 10.0 11.1 3.30 8.24 8.59 0.44 1.20
933.0 1024.6 8.0 4.2 2.45 8.67 8.77 0.11 1.38
Appendix 2.2
E39.75 TC Particle Size Distribution Data
Depth Age Coarsest % >8 Md Md ($) Mz (0) Graphic Graphic
(cm) (ky) pm (pm) Skewness SD
0.0 5.5 9.0 6.8 2.95 8.41 8.57 0.18 1.39
4.0 8.2 10.0 9.6 2.85 8.45 8.57 0.13 1.33
9.0 10.9 10.0 7.2 2.80 8.48 8.64 0.18 1.39
14.0 12.0 10.0 11.9 2.90 8.43 8.52 0.10 1.39
19.0 13.1 10.0 11.5 2.90 8.43 8.48 0.06 1.38
24.0 18.5 10.0 15.4 2.80 8.48 8.48 0.00 1.48
29.0 22.9 10.0 8.2 3.05 8.36 8.43 0.09 1.23
34.0 26.5 9.5 9.6 3.10 8.33 8.48 0.17 1.28
39.0 31.5 9.5 6.4 2.95 8.41 8.51 0.11 1.34
44.0 36.5 10.0 11.1 3.20 8.29 8.40 0.12 1.31
49.0 44.0 9.0 7.0 2.95 8.41 8.55 0.16 1.41
54.0 50.3 10.0 9.8 3.10 8.33 8.40 0.08 1.27
59.0 56.5 13.0 19.1 3.20 8.29 8.29 0.00 1.41
64.0 64.3 13.0 12.5 3.30 8.24 8.32 0.09 1.23
69.0 72.9 13.0 18.4 3.20 8.29 8.30 0.01 1.40
74.0 76.8 10.0 11.3 3.00 8.38 8.42 0.05 1.26
79.0 84.6 10.0 8.7 2.80 8.48 8.58 0.11 1.34
84.0 91.4 9.0 7.1 2.65 8.56 8.72 0.17 1.40
89.0 96.3 9.5 7.4 2.90 8.43 8.50 0.08 1.30
94.0 101.2 9.0 6.9 2.90 8.43 8.54 0.12 1.37
99.0 106.0 9.5 7.4 2.85 8.45 8.55 0.11 1.30
104.0 111.7 9.0 7.1 3.00 8.38 8.50 0.14 1.26
109.0 115.4 9.5 6.7 2.80 8.48 8.61 0.14 1.36
Appendix  2.3
SO- 36-61 Particle Size Distribution Data
Depth
(cm )
Age (ky ) coarsest coarse
mode
%
> 8(im
Md
((im )
Md (6 ) Mz (d) Graphic
Skewness
Graphic
SD
0.0 10.5 9.5 9.64 10.0 2.4 8.70 8.67 -0.03 1.46
4.0 13.5 9.5 7.50 8.4 3.2 8.29 8.65 0.35 1.55
8.0 16.5 9.5 5.75 5.9 3.2 8.29 8.50 0.25 1.29
12.0 19.5 10.0 9.64 10.3 3.5 8.18 8.40 0.24 1.38
16.0 21.5 10.0 9.64 11.7 3.2 8.29 8.43 0.15 1.40
20.0 27.2 10.0 9.64 13.4 2.9 8.45 8.48 0.02 1.41
24.0 33.5 13.0 8.50 13.7 3.2 8.29 8.41 0.13 1.43
28.0 39.8 10.0 9.64 13.3 3.0 8.38 8.46 0.08 1.47
32.0 46.1 10.0 9.64 12.5 3.0 8.38 8.43 0.05 1.38
36.0 52.4 10.0 9.64 10.8 2.8 8.48 8.58 0.11 1.40
40.0 58.7 10.0 8.50 13.1 3.1 8.33 8.48 0.15 1.48
44.0 65.0 10.0 9.64 14.5 3.2 8.29 8.38 0.10 1.40
48.0 68.8 9.5 9.64 10.1 3.4 8.20 8.42 0.25 1.30
52.0 72.5 10.0 7.50 10.2 3.4 8.20 8.46 0.27 1.45
56.0 76.3 9.5 8.50 6.4 3.2 8.29 8.51 0.24 1.35
60.0 80.0 10.0 9.64 13.6 3.5 8.16 8.33 0.20 1.34
64.0 85.3 10.0 9.64 11.1 3.4 8.20 8.40 0.23 1.32
68.0 90.7 10.0 9.64 10.9 3.0 8.41 8.50 0.10 1.41
72.0 96.0 9.5 9.64 8.7 2.9 8.43 8.55 0.13 1.36
76.0 101.3 10.0 8.50 10.6 2.6 8.59 8.58 -0.01 1.33
80.0 106.7 10.0 9.64 11.8 3.6 8.12 8.36 0.27 1.35
84.0 112.0 13.0 14.42 14.1 3.4 8.20 8.37 0.18 1.38
88.0 117.3 13.0 11.40 15.0 3.0 8.36 8.40 0.05 1.40
92.0 122.7 16.0 14.42 16.6 3.0 8.36 8.44 0.09 1.48
96.0 128.0 9.5 8.50 9.2 2.6 8.59 8.62 0.04 1.40
100.0 134.9 9.5 9.64 7.6 3.0 8.38 8.58 0.22 1.36
104.0 141.8 9.0 6.50 5.9 3.0 8.36 8.54 0.20 1.34
108.0 148.6 10.0 9.64 11.5 3.1 8.33 8.45 0.13 1.32
112.0 155.5 10.0 8.50 12.7 3.1 8.31 8.46 0.16 1.42
116.0 162.4 13.0 13.6 3.5 8.16 8.34 0.20 1.39
120.0 169.3 13.0 12.0 3.7 8.08 8.32 0.26 1.38
124.0 176.1 13.0 16.1 3.8 8.04 8.28 0.25 1.43
128.0 183.0 13.0 15.2 3.6 8.12 8.39 0.27 1.51
132.0 188.5 10.0 9.7 3.6 8.10 8.41 0.34 1.39
136.0 194.0 13.0 16.4 3.4 8.20 8.37 0.17 1.45
140.0 199.5 9.5 8.2 3.0 8.36 8.54 0.20 1.40
144.0 205.0 10.0 8.2 2.9 8.45 8.47 0.02 1.29
148.0 210.5 10.0 11.6 3.5 8.16 8.36 0.22 1.37
152.0 216.0 9.5 8.9 3.7 8.08 8.39 0.35 1.35
156.0 228.0 10.0 10.0 3.2 8.29 8.48 0.20 1.39
160.0 233.0 9.5 7.4 3.5 8.16 8.44 0.31 1.38
164.0 238.0 13.0 16.0 3.5 8.14 8.36 0.22 1.50
168.0 240.8 10.0 13.9 3.7 8.08 8.32 0.25 1.45
172.0 243.5 13.0 16.4 3.5 8.16 8.36 0.20 1.51
176.0 246.3 13.0 14.6 3.2 8.29 8.42 0.14 1.48
180.0 249.0 13.0 11.7 3.2 8.27 8.46 0.20 1.41
184.0 253.0 13.0 16.5 3.2 8.29 8.35 0.07 1.44
188.0 257.0 9.0 6.5 3.1 8.33 8.51 0.20 1.36
192.0 269.0 9.5 12.1 3.5 8.18 8.38 0.22 1.41
196.0 278.0 9.0 8.7 3.6 8.12 8.41 0.33 1.34
200.0 287.0 13.0 12.8 3.7 8.08 8.33 0.27 1.38
204.0 289.4 13.0 12.3 3.6 8.10 8.34 0.27 1.37
208.0 291.8 13.0 12.1 3.6 8.10 8.32 0.25 1.33
212.0 294.2 13.0 14.3 3.9 8.00 8.25 0.27 1.34
216.0 296.6 9.5 11.3 3.6 8.10 8.36 0.30 1.33
220.0 299.0 13.0 13.0 3.8 8.04 8.29 0.28 1.34
224.0 304.5 10.0 7.8 3.0 8.36 8.51 0.16 1.38
228.0 310.0 13.0 11.3 3.2 8.29 8.45 0.17 1.37
232.0 315.0 13.0 11.8 3.3 8.24 8.43 0.20 1.38
236.0 320.0 13.0 8.3 3.3 8.24 8.45 0.23 1.35
240.0 325.5 9.0 6.6 2.6 8.59 8.63 0.05 1.25
244.0 331.0 9.5 8.9 3.2 8.29 8.53 0.26 1.39
248.0 339.5 10.0 13.2 3.3 8.24 8.43 0.20 1.37
252.0 341.5 10.0 12.2 3.2 8.27 8.51 0.23 1.57
256.0 343.2 13.0 13.8 3.2 8.27 8.42 0.16 1.46
260.0 344.9 10.0 12.1 3.1 8.33 8.44 0.11 1.40
264.0 346.6 16.0 19.2 3.1 8.33 8.37 0.04 1.58
268.0 348.3 10.0 9.6 3.0 8.38 8.59 0.21 1.50
272.0 350.0 10.0 14.8 3.0 8.38 8.51 0.14 1.46
276.0 357.9 13.0 13.7 3.5 8.16 8.34 0.20 1.39
280.0 365.7 16.0 18.3 3.6 8.10 8.24 0.15 1.45
284.0 373.4 10.0 9.7 3.5 8.18 8.44 0.29 1.33
288.0 381.4 9.5 10.4 2.7 8.53 8.58 0.05 1.37
292.0 389.3 10.0 10.0 3.3 8.24 8.42 0.20 1.32
296.0 397.1 9.5 8.1 3.6 8.12 8.36 0.28 1.28
300.0 405.0 10.0 11.6 3.1 8.33 8.43 0.12 1.28
304.0 412.9 10.0 13.1 2.8 8.48 8.50 0.02 1.32
308.0 420.0 9.5 9.8 3.2 8.27 8.41 0.16 1.29
Appendix 2.4
E26.1 Particle Size Distribution Data
Depth Age Coarsest % >8 Md Md (6 ) Mz (4>) Graphic Graphic
(cm) (ky) pm (pm ) Skewness SD
1.0 5.2 10.0 9.9 3.30 8.24 8.24 0.00 1.04
6.0 8.5 9.5 7.7 3.40 8.20 8.25 0.08 1.01
11.0 9.8 9.5 8.0 3.30 8.24 8.26 0.02 0.98
15.0 11.8 10.0 10.8 3.10 8.33 8.37 0.04 1.15
21.0 13.2 9.5 8.1 3.10 8.33 8.39 0.08 1.06
26.0 14.3 9.5 8.4 2.95 8.41 8.48 0.10 1.13
30.0 16.8 9.5 8.7
35.0 18.1 9.5 5.6 2.95 8.41 8.50 0.12 1.15
41.0 19.2 9.5 6.1 2.60 8.59 8.59 0.00 1.11
45.0 20.0 8.5 5.4 2.75 8.51 8.62 0.15 1.15
51.0 21.1 9.5 6.8 3.00 8.38 8.45 0.09 1.10
55.0 22.2 9.5 9.5 2.60 8.59 8.55 -0.04 1.23
61.0 23.0 8.5 3.3 2.30 8.76 8.75 -0.03 1.09
65.0 23.6 9.5 6.0 2.75 8.51 8.52 0.02 1.12
70.0 24.3 9.5 9.4 2.60 8.59 8.53 -0.08 1.14
75.0 25.4 9.5 7.8 2.70 8.53 8.56 0.03 1.14
80.0 29.2 9.5 5.6 2.65 8.56 8.56 0.00 1.08
85.0 33.0 9.5 7.3 2.55 8.62 8.62 0.01 1.14
90.0 36.8 9.5 7.8 2.50 8.64 8.59 -0.06 1.20
95.0 40.6 9.0 6.2 2.25 8.80 8.71 -0.11 1.15
101.0 45.1 9.5 6.2 3.30 8.24 8.39 0.19 1.18
105.0 47.4 9.5 8.7 2.95 8.41 8.46 0.07 1.16
111.0 50.9 10.0 9.3 2.90 8.43 8.45 0.03 1.13
115.0 53.2 9.5 5.7 2.55 8.62 8.59 - 0.04 1.13
121.0 56.6 9.5 9.5 2.40 8.70 8.37 -0.62 0.80
125.0 58.9 10.0 9.7 3.00 8.38 8.43 0.06 1.25
130.0 61.8 9.0 6.6 2.95 8.41 8.47 0.08 1.14
135.0 64.7 9.5 7.1 2.90 8.43 8.51 0.11 1.15
141.0 67.6 9.0 5.6 2.90 8.43 8.52 0.11 1.14
145.0 70.0 9.5 8.3 2.85 8.45 8.51 0.07 1.11
150.0 71.7 9.5 8.2 2.70 8.53 8.51 -0.03 1.14
155.0 73.6 10.0 11.2 3.40 8.20 8.26 0.08 1.09
161.0 76.0 10.0 10.3 3.50 8.16 8.20 0.06 1.06
167.0 78.4 9.5 9.3 3.00 8.38 8.39 0.02 1.08
171.0 80.0 9.5 7.1 3.05 8.36 8.45 0.12 1.10
176.0 82.9 9.5 3.9 3.30 8.24 8.34 0.15 0.95
181.0 85.8 9.5 9.4 2.85 8.45 8.45 -0.01 1.20
186.0 88.7 9.0 5.3 3.15 8.31 8.42 0.14 1.12
191.0 91.6 10.0 11.3 3.20 8.29 8.35 0.08 1.10
196.0 96.3 9.5 5.8 3.20 8.29 8.34 0.08 1.06
201.0 103.5 10.0 10.7 3.00 8.38 8.37 - 0.01 1.17
202.0 110.8 9.5 8.0 2.80 8.48 8.50 0.03 1.13
211.0 116.2 9.5 7.7 3.05 8.36 8.48 0.16 1.22
216.0 119.2 8.5 10.1 2.90 8.43 8.47 0.06 1.09
221.0 122.2 9.5 5.4 3.05 8.36 8.45 0.12 1.10
226.0 127.5 10.0 9.0 3.25 8.27 8.31 0.05 1.10
231.0 129.0 8.5 0.3 2.60 8.59 8.61 0.03 1.08
236.0 130.6 10.0 11.3 2.70 8.53 8.48 - 0.06 1.25
241.0 132.1 9.0 6.3 2.45 8.67 8.59 -0.10 1.21
246.0 133.6 9.0 7.2 2.95 8.41 8.50 0.12 1.16
251.0 135.1 9.5 6.6 2.90 8.43 8.46 0.04 1.12
256.0 136.1 10.0 8.9 3.00 8.38 8.40 0.02 1.18
261.0 137.2 10.0 10.8 3.15 8.31 8.36 0.06 1.15
266.0 138.2 9.5 6.2 3.00 8.38 8.45 0.09 1.10
271.0 139.2 9.0 6.8 2.75 8.51 8.43 - 0.09 1.13
276.0 140.2 9.5 5.3 3.30 8.24 8.37 0.17 1.15
281.0 141.3 10.0 9.0 2.85 8.45 8.48 0.03 1.15
286.0 142.3 9.5 7.9 3.05 8.36 8.38 0.04 1.08
291.0 144.9 9.0 4.2 2.85 8.45 8.49 0.06 1.07
296.0 147.5 9.5 7.7 2.80 8.48 8.51 0.04 1.12
301.0 150.0 9.5 6.3 2.45 8.67 8.64 - 0.05 1.08
306.0 152.6 9.0 6.8 2.65 8.56 8.57 0.01 1.13
311.0 155.1 9.5 8.4 2.60 8.59 8.56 - 0.03 1.09
316.0 157.6 9.5 7.5 2.60 8.59 8.55 - 0.05 1.11
321.0 160.1 9.5 7.3 2.50 8.64 8.59 - 0.07 1.14
326.0 162.6 9.0 6.5 2.65 8.56 8.56 - 0.00 1.09
331.0 165.1 8.5 5.7 2.70 8.53 8.54 0.02 1.09
336.0 167.6 9.5 7.1 2.80 8.48 8.53 0.06 1.09
341.0 170.1 8.0 3.5 2.50 8.64 8.67 0.04 1.01
346.0 172.6 9.0 4.6 2.50 8.64 8.65 0.00 1.12
351.0 175.1 10.0 9.0 2.85 8.45 8.45 - 0.00 1.19
355.0 183.3 9.5 8.6 2.60 8.59 8.55 - 0.05 1.17
361.0 188.1 9.5 6.3 2.50 8.64 8.59 - 0.08 1.08
365.0 191.4 9.5 6.9 2.85 8.45 8.47 0.03 1.10
370.0 195.4 10.0 10.7 2.95 8.41 8.39 - 0.01 1.14
375.0 199.4 9.0 5.9 2.65 8.56 8.52 - 0.05 1.14
381.0 204.3 9.0 7.2 2.80 8.48 8.49 0.01 1.09
385.0 207.5 8.5 3.7 2.70 8.53 8.57 0.05 1.11
391.0 212.3 9.5 6.2 3.05 8.36 8.43 0.11 1.06
395.0 215.5 9.5 6.3 3.30 8.24 8.33 0.12 1.06
401.0 217.7 9.5 6.1 3.05 8.36 8.41 0.08 1.04
405.0 219.1 9.5 3.1 2.80 8.48 8.54 0.09 1.07
411.0 221.2 9.5 5.7 3.00 8.38 8.42 0.06 1.09
415.0 222.7 9.5 6.5 2.80 8.48 8.48 0.00 1.10
421.0 224.8 9.0 6.6 2.60 8.59 8.59 0.00 1.11
425.0 226.3 9.0 2.9 2.65 8.56 8.59 0.04 1.10
428.0 230.8 9.5 8.6 2.85 8.45 8.50 0.06 1.12
435.0 235.1 10.0 9.0 2.75 8.51 8.51 0.01 1.18
441.0 240.7 10.0 9.3 2.70 8.53 8.49 - 0.05 1.23
446.0 244.2 9.0 3.9 2.35 8.73 8.68 - 0.07 1.17
451.0 248.5 9.5 7.1 2.30 8.76 8.67 - 0.11 1.27
456.0 252.8 9.5 6.7 2.60 8.59 8.59 - 0.00 1.18
461.0 257.1 9.5 8.0 2.70 8.53 8.52 - 0.02 1.20
466.0 261.4 9.5 8.3 2.85 8.45 8.54 0.11 1.24
471.0 265.7 13.0 11.9 2.60 8.59 8.53 - 0.06 1.32
476.0 271.4 9.0 4.1 2.65 8.56 8.62 0.08 1.17
481.0 277.1 10.0 12.5 2.65 8.56 8.43 - 0.14 1.33
486.0 282.8 8.5 5.9 2.60 8.59 8.58 - 0.01 1.12
491.0 288.5 9.5 7.4 2.60 8.59 8.53 - 0.07 1.20
496.0 293.6 9.5 8.0 2.55 8.62 8.54 - 0.09 1.20
501.0 298.6 9.5 8.0 2.60 8.59 8.53 - 0.08 1.21
506.0 303.7 10.0 9.4 2.60 8.59 8.53 - 0.07 1.20
511.0 308.7 9.5 8.1 2.65 8.56 8.54 - 0.03 1.12
516.0 313.8 9.5 7.4 2.70 8.53 8.52 - 0.02 1.13
521.0 318.9 9.5 7.6 2.80 8.48 8.51 0.04 1.12
526.0 323.9 9.5 6.2 2.70 8.53 8.50 - 0.04 1.10
533.0 331.0 9.5 6.4 2.70 8.53 8.54 0.01 1.16
536.0 334.0 9.5 6.8 2.55 8.62 8.56 - 0.07 1.17
541.0 339.1 9.5 8.9 2.60 8.59 8.50 - 0.11 1.19
Appendix 2.5
Cl/86 PC Particle Size Distribution Data
Depth Depth Age Coarsest % >8 Md Md (p) Mz (p) Graphic Graphic
(cm) (quality) (ky) (pm) pm (pm) Skewness SD
0.0 0 24.0 9.0 8.5 3.10 8.33 8.50 0.185 1.377
5.0 27.6 8.5 4.3 2.30 8.76 8.74 -0.032 1.317
10.0 10 31.2 9.5 10.4 3.45 8.18 8.43 0.279 1.342
15.0 15 34.7 9.5 12.0 3.25 8.27 8.40 0.160 1.292
20.0 20 38.3 9.5 8.7 2.85 8.45 8.55 0.110 1.361
25.0 25 41.9 9.5 8.5 2.85 8.45 8.62 0.182 1.341
30.0 30 45.5 10.0 11.7 3.10 8.33 8.44 0.120 1.335
35.0 35 49.1 10.0 15.9 3.35 8.22 8.34 0.123 1.431
41.0 41 53.3 13.0 14.0 3.25 8.27 8.47 0.204 1.539
47.5 48 58.0 13.0 16.1 3.25 8.27 8.39 0.127 1.447
51.0 51 63.5 9.5 9.0 3.30 8.24 8.50 0.275 1.409
55.0 55 66.3 10.0 10.9 3.05 8.36 8.49 0.146 1.342
60.0 60 69.9 10.0 12.4 3.15 8.31 8.47 0.160 1.490
65.0 73.5 9.5 10.2 2.55 8.62 8.58 -0.042 1.337
70.0 70 77.0 9.0 7.3 2.95 8.41 8.60 0.213 1.347
75.0 75 80.6 9.5 8.5 3.00 8.38 8.55 0.177 1.409
80.0 80 84.1 10.0 9.9 3.15 8.31 8.45 0.150 1.379
85.0 85 90.0 10.0 14.8 3.65 8.10 8.33 0.247 1.442
90.0 90 97.0 9.5 12.0 3.10 8.33 8.54 0.206 1.480
95.0 95 100.0 9.5 10.8 3.15 8.31 8.48 0.195 1.326
100.0 100 104.0 9.5 9.4 3.45 8.18 8.48 0.320 1.409
105.0 105 110.0 9.0 8.7 3.05 8.36 8.55 0.204 1.398
110.0 110 117.0 13.0 12.6 3.05 8.36 8.44 0.092 1.409
115.0 115 122.4 9.5 11.0 2.85 8.45 8.50 0.053 1.368
120.0 120 129.0 10.0 9.8 3.15 8.31 8.47 0.172 1.353
125.0 131.9 9.5 8.4 2.45 8.67 8.67 -0.009 1.304
130.0 130 136.9 9.0 7.5 2.95 8.41 8.53 0.138 1.309
135.0 135 141.8 10.0 12.2 3.00 8.38 8.42 0.042 1.328
140.0 140 144.0 10.0 8.7 2.85 8.45 8.51 0.063 1.292
145.0 145 150.0 10.0 10.2 3.10 8.33 8.50 0.180 1.383
150.0 150 153.0 10.0 10.2 2.95 8.41 8.49 0.089 1.368
155.0 155 155.9 10.0 13.4 3.25 8.27 8.43 0.170 1.453
160.0 160 158.9 10.0 12.3 2.85 8.45 8.49 0.034 1.394
164.0 164 161.3 10.0 11.6 3.10 8.33 8.41 0.090 1.313
169.0 169 164.3 10.0 10.4 2.95 8.41 8.49 0.097 1.358
174.0 174 167.2 10.0 13.4 2.95 8.41 8.43 0.027 1.323
179.0 179 170.2 10.0 10.2 3.15 8.31 8.48 0.179 1.404
183.0 172.6 9.5 7.5 2.40 8.70 8.68 -0.020 1.365
190.0 190 176.0 9.0 7.7 2.90 8.43 8.52 0.111 1.259
195.0 195 183.8 9.5 11.1 3.40 8.20 8.39 0.210 1.345
200.0 200 186.7 9.5 9.2 3.45 8.18 8.40 0.255 1.314
205.0 205 194.6 9.5 10.8 3.55 8.14 8.38 0.276 1.325
Appendix 2.6
C l/8 7  PC Particle Size Distribution Data
Depth Depth Coarsest % >8 Md Md (d) Mz ($) Graphic Graphic
(cm) (quality) pm (pm) Skewness SD
0.0 9.0 3.7 2.20 8.83 8.80 -0.03 1.25
7.0 7.0 9.0 5.3 2.80 8.48 8.57 0.11 1.21
12.0 12.0 9.5 5.0 2.90 8.43 8.56 0.16 1.21
16.0 16.0 9.5 7.7 3.05 8.36 8.43 0.09 1.23
20.0 20.0 9.0 3.0 2.55 8.62 8.65 0.04 1.17
25.0 25.0 9.0 4.2 2.55 8.62 8.70 0.11 1.22
30.0 30.0 10.0 7.5 2.45 8.67 8.73 0.07 1.28
35.0 35.0 9.5 7.1 2.75 8.51 8.63 0.13 1.35
43.0 43.0 8.5 6.7 2.85 8.45 8.60 0.17 1.29
46.0 46.0 10.0 10.1 2.75 8.51 8.55 0.05 1.25
50.0 50.0 9.5 7.5 2.70 8.53 8.56 0.04 1.25
55.0 55.0 10.0 11.3 2.60 8.59 8.55 -0.04 1.29
60.0 9.5 6.9 2.40 8.70 8.69 -0.01 1.21
65.0 65.0 8.5 3.5 2.70 8.53 8.66 0.15 1.31
70.0 70.0 9.0 3.8 2.55 8.62 8.67 0.07 1.19
75.0 9.5 6.3 3.25 8.27 8.48 0.24 1.32
80.0 9.5 9.5 2.65 8.56 8.52 -0.04 1.32
85.0 10.0 14.8 3.00 8.38 8.36 -0.02 1.35
90.0 10.0 22.3 2.80 8.48 8.32 -0.16 1.46
95.0 9.5 11.2 3.00 8.38 8.47 0.10 1.31
101.0 101.0 9.5 8.4 2.70 8.53 8.64 0.11 1.35
105.0 105.0 10.0 13.0 3.20 8.29 8.36 0.08 1.25
110.0 110.0 13.0 10.1 3.90 8.00 8.24 0.29 1.23
115.0 115.0 10.0 11.6 2.90 8.43 8.44 0.02 1.31
122.0 9.0 5.8 2.25 8.80 8.74 -0.07 1.11
126.0 9.5 17.9 4.75 7.72 7.84 0.18 0.97
130.0 130.0 9.5 8.9 3.00 8.38 8.51 0.15 1.32
135.0 135.0 9.0 4.2 2.90 8.43 8.58 0.18 1.30
140.0 140.0 9.0 3.4 2.70 8.53 8.64 0.13 1.27
145.0 145.0 9.5 6.4 2.75 8.51 8.56 0.06 1.25
150.0 150.0 9.5 6.7 2.65 8.56 8.62 0.07 1.25
155.0 155.0 9.0 9.1 2.90 8.43 8.52 0.10 1.27
160.0 160.0 9.5 9.9 2.80 8.48 8.56 0.09 1.29
165.0 165.0 9.5 7.4 2.80 8.48 8.58 0.12 1.26
170.0 170.0 9.5 11.6 2.75 8.51 8.59 0.09 1.33
Appendix 3 Mineral Magnetic Data
3.1 E39.75 PC
3.2 E39.75 TC
3.3 SO-36-61
3.4 E26.1
3.5 C1/86 6GC3
3.6 C12/8712GC9
3.7 E39.72
3.8 E26.3
3.9 E26.4
Susc(x) mass-specific magnetic susceptibility 10-8 m8 kg-1
Freq. Dep. frequency dependence of susceptiblity % (of low-
(Xfd) (Xlf-^hf) A lf frequency X)
ARM anhysteretic remanent magnetization 
(mass specific)
IO"3 A m2 kg-1
IRM20 IRM grown in a field of 20 mT (milli-Tesla)
10"3 A m2 kg-1
IRM200 IRM grown in a field of 200 mT (milli-Tesla)
10"3 A m2 kg-1
SIRM Saturation IRM: maximum IRM achievable in
laboratory. Applied field of 840 mT 10"3 A m2 kg-1
IRM -100 IRM produced when a sample given an SIRM is then
magnetized in a field of 100 mT in the opposite direction
IO-3 A m2 kg-1
IRM-300 as for IRM-ioo but a reverse field of 300 mT is applied
IO"3 A m2 kg '1
Xa rm /SIRM inter-parametric ratio 10"5 A-1 m
IRM20/ARM inter-parametric ratio (no units)
value
' component
(X(C03-free) - SIRM(C03-free))/SIRM(C03-free)
(rescaled values) (relative scale)
(IRM_30o/SIRM) - (IRM.ioo/SIRM) (rescaled values)
(relative scale)
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